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I .  INTRODUCTION 

The u t i l i za t ion  of the U.S. coal reserves i n  a manner which does not add to  the 
existing pollution problem i s  of utmost importance i n  the in te res t  of conservation 
of more valuable natural resources i n  the  national economy. Gasification of coal and 
generation of clean fuel gas of fe rs  one of the most promising approaches to  the u t i -  
l i za t ion  of coal. I t  has been assigned a high pr ior i ty  in the U.S. Energy Develop- 
ment Program. Several of the coal gasification processes presently under development 
are now a t  the i n i t i a l  p i lo t  plant operation stage. 
Rockwell International Molten Sa l t  Coal Gasification Process (Rockgaa Process).f9t2) 
In th i s  process, the coal i s  gasified a t  a temperature of about 1800 F and a t  pres- 
sures u p  t o  30 atm by reaction with a i r  in a highly turbulent mixture of molten 
sodium carbonate containing sodium su l f ide ,  ash, and unreacted carbonaceous material. 
The su l fur  and ash of the coal are retained i n  the melt, a small stream of which i s  
continuously circulated through a process system fo r  regeneration o f  the sodium car- 
bonate, removal of the ash, and recovery of elemental sulfur.  

converting 1 ton of coal per hour in to  low-Btu fuel gas a t  pressures up t o  20 atm i s  
currently undergoing testing under contract  t o  the Department of Energy. 
t o  the PDU,  a considerable amount of laboratory testing took place. 
conducted in a bench-scale, 6-in.-diameter gas i f i e r  i n  which coals of d i f fe ren t  r a n k  
were continuously gasified i n  the melt. 
o f  t h e  gasification process. The purpose of t h i s  paper i s  to describe these labora- 
tory t e s t s  and t o  discuss some of the chemistry taking place i n  the gas i f ie r .  
s i s  is placed on the e f fec t  of coal rank on the chemistry. 

One of these processes i s  

A molten s a l t  coal gasification‘process development u n i t  ( P D U ) ( 1 ’ 2 )  capable of 

Preliminary 
These t e s t s  were 

The t e s t s  resulted i n  a be t te r  understanding 

Empha- 

11. EXPERIMENTAL SECTION 

A.  COALS GASIFIED 

The coals gasified were an anthracite,  a medium-volatile bituminous coal,  a 
high-volatile bituminous coal, and l ign i te .  The coals a re  l i s t ed  i n  order of de- 
creasing rank .  
Corporation of Japan, and the l i gn i t e  was supplied by P h i l l i p s  Petroleum Company. 

The proximate and ultimate analyses of the coals a re  l i s t ed  i n  Table 1. 

The f i r s t  three coals were supplied by the Electric Power Development 

e. APPARATUS 

A schematic o f  the bench-scale molten s a l t  gas i f i e r  i s  shown i n  Figure 1. 
Approximately 12 l b  of molten s a l t  were contained i n  a 6-in.-ID and 36-in. h i g h  
alumina tube placed in a Type 321 s ta in less  s tee l  re ta iner  vessel. T h i s  s ta in less  
s tee l  vessel, in t u r n ,  was contained i n  an 8-in.-ID four-heating-zone furnace. The 
f o u r  heating zones were each 8 i n .  in h e i g h t ,  and the temperature of each zone was 
controlled by a silicon-controlled r ec t i f i e r .  
recorded by a 12-point Barber-Colman chart  recorder. 

Furnace and reactor temperatures were 
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TABLE 1 

COMPOSITION OF COALS (WT %) 

Proximate Ana lys i s  
Moi s t u r e  
V o l a t i l e  M a t t e r  
F ixed Carbon 
Ash 

U1 t ima te  Ana lys i s  
Mois ture 

HyJ rogen 
Ni t rogen 
Oxygen* 
S u l f u r  
Ash 

Carbon 

A n t h r a c i t e  - 

2.78 
4.92 

87.51 
4.79 

2.78 

3.21 
0.81 
1.97 
0.67 
4.79 

85.27 

Medium- 
Vol a t i  1 e 

Bituminous 

2.26 
30.36 
56.53 
10.85 

2.26 
71.85 
4.60 
0.78 
8.59 
1.07 

10.85 

High- 
V o l a t i l e  

B i  tuminous 

0.85 
38.71 
37.69 
22.75 

0.65 
52.26 

4.95 
0.82 
5.60 
2.77 

22.75 

L i g n i t e  

32.46 
28.70 
25.50 
13.34 

32.46 
35.34 

2.52 
0.96 

14.85 
0.53 

13.34 

The coa l  ground i n  a hand-turned b u r r  m i l l  was metered i n t o  t h e  l/Z-in.-ID 
c e n t r a l  tube o f  t h e  i n j e c t o r  by a screw feeder. 
prov ided by a 0- t o  400-rpm Eberback Corpo ra t i on  Con-Torque s t i r r e r  motor. The coal 
was mixed i n  t h e  i n j e c t o r  wi th t h e  a i r  be ing used f o r  g a s i f i c a t i o n ,  and t h i s  coa l -  
a i r  m i x t u r e  passed downward through t h e  cen te r  tube o f  t h e  i n j e c t o r  and emerged i n t o  
t h e  l - l /E - in . - ID  a lumina feed tube. T h i s  alumina feed tube was ad jus ted  so t h a t  i t s  
t i p  was -1/2 i n .  above t h e  bot tom of t h e  6-in.-diameter alumina r e a c t o r  tube. Thus, 
t h e  c o a l - a i r  m i x t u r e  was forced t o  pass downward through the  feed tube, outward a t  
i t s  bottom end, and t h e n  upward through 6 i n .  of s a l t  i n  t he  annulus between the  
1-1/2-in. and t h e  6 - in .  alumina tubes. 

R o t a t i o n  o f  t h e  screw feeder  was 

111. RESULTS 

A. PRODUCT GAS COMPOSITION FROM GASIFICATION WITH A I R  

The t e s t  c o n d i t i o n s  f o r  t h e  g a s i f i c a t i o n  t e s t s  a r e  l i s t e d  i n  Table 2 which g ives 
the  m e l t  temperature, t h e  a i r  and coal feed ra tes ,  t h e  a i r / c o a l  r a t i o ,  and t h e  per-  
c e n t  t h e o r e t i c a l  a i r .  The l a s t  column shows t h e  a i r  f eed  as a percentage o f  t he  
amount of a i r  which i s  r e q u i r e d  t o  o x i d i z e  t h e  coal  complete ly  t o  C02 and H20. The 
a i r / c o a l  r a t i o s  and t h u s  the  percent  t h e o r e t i c a l  a i r  were chosen t o  g i v e  a good 
q u a l i t y  product  gas f r o m  a h e a t i n g  va lue  p o i n t  o f  view. The s teady-state composi- 
t i o n  and t h e  h i g h e r  h e a t i n g  va lue  (HHV)* o f  t h e  product  gas obta ined f rom t h e  f o u r  
coa ls  are shown i n  Tab le  3. 
duct  gas was obta ined.  The p roduc t  gas composit ions were c a l c u l a t e d  on the  bas i s  of 
t he  carbon, hydrogen, and oxygen mass balance and assuming thermodynamic e q u i l i b r i u m  
f o r  t h e  water-gas s h i f t  r e a c t i o n  

I n  each case, a good q u a l i t y  (2120 Btu/scf )  low-Btu pro- 

CO + H20 = C02 + HE 1 )  

To perform t h e  mass balance, t h e  coal a n a l y t i c a l  data shown i n  Table 1 were expressed 
i n  terms Of an e m p i r i c a l  formula, CcHhOo. 
agreement between t h e  observed and c a l c u l a t e d  values i s ,  i n  general,  q u i t e  good. 

*The h igher  hea t ing  va lues  i n c l u d e  t h e  heat  of condensation o f  steam t o  l i q u i d  water. 

The r e s u l t s  a r e  shown i n  Table 3. The 
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As expected, the heating value of the product gas increases as the percent theo- 
r e t i ca l  a i r  decreases. 
and medium volat i le  bituminous coals ,  a product gas resulted w i t h  an HHV of about 
130 Btu/scf a t  about 45% theoretical  a i r ,  and the high-volatile bituminous and l i g -  
n i t e  coals resulted in a product gas  with an HHV of about  150 Btu/scf a t  about 32% 
theoretical a i r .  However, these are  practical lower l imits  as t o  the percent theo- 
re t ical  a i r  which should be used. I f  the percent theoretical a i r  i s  too low, there 
will  not  be suff ic ient  oxygen to  gasify a l l  the carbon and the carbon content of the 
melt will continue t o  increase. 
anthracite.  In addition, i f  the percent theoretical a i r  i s  too low, there will be 
insufficient h e a t  released t o  the melt t o  sustain the operating temperature. 
most pronounced in the low rank coals such as l i gn i t e  which contain a considerable 
amount of combined oxygen and  moisture. 
heating value that can be obtained for  the product gas. 

B.  A MECHANISM OF COAL GASIFICATION 

This can be seen in Table 3, where i n  the case of anthracite 

This i s  most pronounced with h i g h  rank coals such as 

This i s  

Thus, there i s  a practical l imit  t o  the 

A certain amount of time was required for the heating value of the gas  t o  exceed 

I t  
100 Btu/scf; t h i s  time was different  fo r  coals of different  rank. A plot  of product 
gas heating value v s  cumulative r u n  time i s  shown for  the four coals in Figure 2. 
can be seen t h a t  the time f o r  the product gas t o  reach a heating value >lo0 Btu/scf 
decreased with decreasing coal rank. I n  the case of the anthracite and the medium- 
vo la t i l e  bituminous coal, t he  times were about 2 h and 1/2 h, respectively. The 
product gases from t h e  l i g n i t e  and the high-volatile bituminous coals both had ini-  
t i a l  heating values in excess of 100 Btu/scf with the l i gn i t e  i n i t i a l l y  producing 
somewhat richer gas than the high-volatile bituminous coal. During the early stages 
of an experiment when the product gas heating value was increasing, i t  was found t h a t  
the  C02 concentration was i n i t i a l l y  very h i g h  and continued to  decrease while the CO 
concentration was very low and continued t o  increase. 
carbon content of the melt increased with time. This e f f ec t  i s  shown for  the case of  
anthracite in Figure 3. 
mary step; reduction of C02 t o  CO by carbon in the melt i s  a secondary s tep.  

I t  was also found t h a t  the 

This suggests t ha t  conversion of carbon t o  CO2 i s  the pr i -  

Primary Step c + 02--co2 2 )  

Secondary S t e p  C02 + C-2CO 3 )  

The steady-state carbon contents of the melt are shown for the four coals in 
Table 4.  The steady-state carbon content for  l i gn i t e  i s  only 0.3 w t %  in contrast t o  
12% f o r  anthracite. Thus, the lower the rank of the coal being gasified,  the more 
reactive the carbon and the less  f ree  carbon in the bed necessary t o  promote CO pro- 
duction; hence, the time required t o  achieve steady s t a t e  i s  shorter with lower rank 
coal.  

TABLE 4 
STEADY-STATE CARBON CONTENT OF MELT 

Steady-State Carbon 
Rank Content of Melt 

Coal Number* ( w t  %) 

Lignite 4-1 0 .3  
High-Volatile Bituminous Coal 2-5 2.4 
Medium-Volatile Bituminous Coal 2- 2 3.6 
Anthracite 1-2 12 .0  

*The rank number shows the ASTM class number followed by the group number. 
I n  Class I ,  1-1 i s  higher rank than 1-2,  e t c .  
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CATALYTIC COAL GASIFICATION-PART I :  MECHANISM OF 
THE REACTION OF C02  WITH CHAR 

BY 

AMIR ATTAR AND DANIEL C .  BAKER 
Department of Chemical Engineering 

University of Houston 
Houston, Texas 77004 

December 1979 

Catalytic coal gasification (CCG) can provide a competitive source of gas  
fo r  domestic and industrial uses ,  consequently, CCG has  been the  subject of 
numerous studies.  However, t he  mechanism of CCG, with catalysts like 
potassium carbonate is not c lear ,  since no  simple mechanism is known b y  
which a solid can catalyze the  r a t e  of reaction of another solid. 

'Taylor and Neville (1921) reviewed the  older l i t e ra ture  on CCG and 
presented some ra t e  data.  More recently,  Johnson (1976) and Cusumano g 
al. (1978) reviewed some of the  modern l i terature on CCG. The thermo- 
dynamics and kinetics of gasification reactions were reviewed b y  von 
Fredersdorff and Elliot (1963). 

Haynes g 4. (1974) screened various materials a s  catalysts for coal 
gasification. They confirmed tha t  alkali carbonates,  like K CO a r e  very  
effective catalysts for  coal gasification. Wilson g 4. (1974j e2amined the 
effect of mixing nickel with alkali carbonates on the  r a t e  of gasification. 
They too found tha t  alkali carbonates enhance t h e  r a t e  of gasification. Wilson 
e t  d .  (1974) found tha t  nickel t ha t  was added to the  c h a r ,  enhanced pre- 
hominantly the  methanation reaction of t he  gasification products ,  CO and H 
Chauhan e t  al. (1977) examined the  effect of incorporation of calcium a i d  
sodium on-therate of coal gasification. They also examined the  effect of t he  
particle size and the  impregnation period of t he  coal on i t s  r a t e  of 
gasification. They found t h a t  small particles a r e  consumed a t  fas te r  ra tes  
than large particles and  tha t  the  rate of gasification levels off a f te r  a given 
fraction of the  coal has  been gasified. Wilks g 4. (1975) compared t h e  time 
needed t o  gasify 90% of one char  and two coals using various catalysts.  They 
observed that impregnation of the  coal with t h e  catalyst is much more 
effective than adding the  catalyst to t he  coal. T h e  methane yield was the  
same whether a catalyst  was added t.o the  coal o r  not.  Addition of 30% CO to 
steam suppressed the  rate of gasificat.ion. A major s tudy  of various 
gasification catalysts and the  r a t e  of gasification has  been conducted by 
Exxon Research and Engineering. Recently Nahas a n d  Gallagher (1978) 
published data on t h e  ra te  of CCG using K CO and Vadovic and  Eakman 
(1978) published a model for  t he  r a t e  of CC6. %omits _c_t. 4. (1977) added 
Jive minerals 1.0 coal and examined t.hcir effect on the rate of ynsificnl.ion. 
' I ' h c :  resiilt.s of '1'omit.a $1: + I .  (1.977) confirmed that. all common minerals 
enhiince 1.0 ii limil.cd cx ten t  I.he rate of c m I  gasiliciit.ion. 

Since no simple mchanism is known by which one can explain the 
catalytic effect of one solid on the  r a t e  of reaction of another solid with a 
g a s ,  we attempted to examine the  mechanisms and  r a t e s  of catalytic char 
gasification with different gases.  Five possible r a t e  enhancement modes were 
considered for the  catalytic'  system char-K C03: , 

Catalysis by the  chemical in?eraction of K+COd with oxygen 
functional groups  in  the  cha r ,  and generation o m r e  active sites. 

. 

1. 
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2. Catalysis b y  generating a dipole due  to electrical charges on the 
surface of the  K C03. 

3. Catalysis b y  thc? chemical interaction of K2C03 with the gases ,  to 
yield more reactive gaseous species. 

4. Catalysis b y  interference of t he  K CO with the  temperature field 
associated with the  reacting char  pagt ica .  

5. Catalysis b y  interference of the K2C03 with the r a t e  of adsorption 
of gases  onto t h e  cha r .  

Mechanisms (1) and (3 )  a t t r ibu te  the  catalytic effect to changes in the 
chemistry of the  reaction, while mechanisms (2 ) ,  (4).  and  (5) suggest 
physical effects as a n  explanation to the catalytic activity of K CO . Since 
K CO enhances the r a t e  of reactions of cha r  with chemically differeat gases,  
e2g. $0 one may expect t h e  mechanisms of the catalysis to be 
insensiti6; t g  t he  n a g r e  of t he  g a s .  This observation tends  to support  
catalytic mechanisms which rely more on changes in the  physics of the 
reaction system. However, a s  will be  demonstrated,  t he  most likely catalytic 
effect relies on a syne rg i s t  interaction between the  chemistry and the  physics 
of the  catalytic system K CO -char .  

H 0 and H 

The main reactions &hic% a r e  associated with char  gasification a re :  

C + 2112 (1) 
+ 

CHq s low below a b o u t  6 5 0 ° C  

C + H 2 0  2 C O  + If2 f a s t  above abou t  5 O O O C  

C + C 0 2  2 2CO f a s t  above abou t  5OOOC 

Two additional reactions which take place in a gasifier a r e  the shift  reaction: 

CO + H20 2 C02 + H2 

and the methanation of carbon monoxide: 
CO + 3112 -f CM4 + H20 

Figure 1 shows the  Gibbs f ree  energy  (GFE), of the reactions vs .  the 
temperature. The carbon used was graphite.  Since the equilibrium constant, 
K ,  is related to the  GFE b y :  

A G O  = -RTflnk (6 )  

i t  is obvious tha t  gasification can proceed to CH4 according to reaction 1 only 
a t  temperat.ures below about  838°K o r  565OC. Reactions (2) and  (3) can 
gasily graphite only a t  temperatures above 926'K (653OC) and 947OK (674OC) 
respectively. None of these three chemical reactions can be used to gasify 
g raph ik  t.o any iIpprcciiihlc cxtent i n  t.hc t .crnpct~~t.urc rangc  565-653'(:! Wile 
lIi(. i'iiI(\ oI' c . h a i .  qrisil.iciil,ion is c x l ) ( ~ : l ( ~ l  I o  tw (lirI'(~rcnl. I h;in t.litil, o f  <jriiphil.(!, 
Ih(! O V P ~ ~ I  I I (4 liill i  I i l l  ive t)(~liiivior. Iniiy Lw s i i i i i  liir . 

Experimental 

Figure 2 shows a schematic diagram of the  experimental system. The 
system consists of five major par t s :  

8 



1. R react.or 
2. A gas chromatograph for  gas  analysis 
3. A microprocessor-controlled pulse injector 
4 .  A temperature monitor and programmer 
5 .  A recorder and  an  in te ra tor .  

TWO types of reactors were used: 

A .  A microreactor with an optic fiber in i t ,  which allowed examination 

B .  

The system allows u s  to conduct isot.hermal and  temperature-programmed 
t e s t s ,  in addition to r u n s  a t  different pressures .  The operational range  of 
temperature was 25-900°C and  of p re s su res  0.1-0.5 Mp . The Tystem alloys 
the  injection of pulses of gas  of variable sizes between 8.517 cm and 10 cm . 
?'he range of temperature programming is O-2O0C/min. More detailed 
description of the system was published by Attar and Dupuis (1979). 

During each r u n ,  a continuous stream of an iner t  gas  was flowing 
t.hrough the reactor;  a s  appropriate,  a pulse of t he  reactive gas  was injected 
in t.o the reactor and gaseous products were obtained. 'The concentrations of 
CO, C 0 2 ,  H 2 ,  H 0, and CH were det.ermined using a thermal conductivity 
detector and a r$'icroprocesso%-controlled integrator.  Carbon monoxide and 
carbon dioxide wehe separated on a 200 cm x 0 . 3  cm column packed with 60-80 
mesh Chromosorb 105 a t  65OC and with a nominal flowrate of 25 ml/min 
helium a s  a carrier g a s .  Methane and hydrogen were separa ted  on a 200 cm 
x 0.3 cm column packed with 60-80 mesh molecular sieves 5 A a t  8OoC and 
with a nominal flowrate of 25 ml/min nitrogen as car r ie r .  

R fixed sample of solid was placed in the  reactor into which two thermo- 
couples and an optic fiber were inserted.  The  radiation intensity coming from 
the reactor through the optic fiber was determined using a photomult.iplier 
and an  amplifier; The reactor internal temperature and a signal 
corresponding to the radiation int.ensity in t h e  wavelength range. of 200-750 
nm were recorded v s .  time. The photomultiplier produced a monotonically 
increasing signal relative to the  radiation intensity which impinged on the 

of light emission from the  sur face  of the  sample (Figure 3).  
A fixed-bed reactor,  packed with char  o r  treated cha r .  

opt.ic f iber.  
The fixed bed reactor consisted of 8 mm OD SS 316 tube packed with a 

known quantity of sample with a known particle size.  Typically 30 cm length 
of tube were adequate.  

Two types of analysis were done on the  product.s of each pulse of 
reactive gas:  analysis of the distribution of products b y  first separating 
them on a GC column, and analysis of the  shape of the pulse of products as 
determined using a TC detector a t  t he  end of t he  Jixed bed reac tor .  

The char was prepared from the 1 . 4  gm/cm float fraction o f  Kentucky 
#9 coal. The coal was pyrolized a t  806OC for 10 sec. 'I'hc char  was 
imprcgnatrd wit.h solutions of Lhc various catalysts a n d  dried in vacuum a1 
70°C: for 12 hours. IJnless s ta ted  otherwise, t he  char  particles used were 
smallcr than 44 microns. 

"Demineralization" of t he  char  was done in a mixture of 2 vol. of con- 
centrated HCI and 3 vol. water for  30 min a t  4OOC. 

Silylation of t he  char  was done b y  a 3:3:6 mixture of hexamethyl- 
disilazane: trimethyl-chloro-silane in d r y  pyridine a t  4OoC for  30 min 10 ml 
of solution were used lor each 5 gm cha r .  The excess reagent  was washed 
successively with pyridine and d r y  methanol and  dried in vacuum oven for  1 2  
hrs a t  70OC. 

9 



When char reacts with C02  

c + co2 + 2co (3)  

two molecules of CO a re  obtained for each molecule of CO which reacts.  
Therefore,  the reliability of the experimental measurement car? be checked by 
the  closure of the material balance on the  oxygen. Figure 4 shows the 
combined measured amounts of CO and CO for  pulses of fixed size which 
were injected a t  different reactor t emperak res .  The data show that  the 
precision is excellent both in the case of graphite and char.  Theldimension- 
less standard deviations on the closure of the material balance on the oxygen 
a r e  1.1 and 2.6% respectively for  the temperature range of 200-700OC. In 
this range of temperatures the  rates  of CO to CO varied over several orders 
of magnitude. Larger e r ro r  was obtained &en slow desorption occurred, due 
to  inconsistencies in t h e  integration procedure of t h e  GC peaks. However, in 
general ,  it was possible to  close material balance on each pulse with 5% or 
bet ter .  

Preliminary Results and  Discussion 

An attempt was made to screen the various possible mechanisms relative 
to  their  influence on t h e  r a t e  of the gasification. The results of experiments 
that  were conducted in order to prove or disprove each mechanism are  
presented and discussed individually. 

Mechanism 1. Catalysis by increased site activity.  

Although char  is predominantly carbon, it has  some oxygen and 
hydrogen. Par t  of t he  oxygen is present a s  adsorbed 0 , CO and CO, 
however it is believed that  some is  bound as surface -OH a n i  -COJH groups.  
Impregnation of char with K CO using an  aqueous solution produces much 
more ac+tive char  than just  a d t i n 2  K C03 (Wilks et &. 1975). This suggested 
that  K may replace the H on ?he surface oxygen functions and  thus 
produces more active surface dipole charges which adsorb gases like C02 
more actively. 

Test  of Mechanism 1. 

Many compounds a r e  known which react  selectively with oxygen 
functional groups .  For example, a mixture of trimethyl-chloro-silane (TMCS) 
and hcxamethyldisilazane (HMDS) reactions with 011 groups  a s  follows 
(I'r.icvlman r l  a i .  ( l ! l f i l ) ) :  

s u c h  a jeaction blocks the oxygen site and  makes it unavailable for exchange 
with K . Alkaline hydrolysis of the silicone compound yields inorganic 
silicates with OH g roups  NOT attached to  the carbon. 
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ROSi 

Samples of char  were silylated according to reaction (7) and then 
impregnated with K CO . The ra te  of gasification with C02 of the  silylated 
samples was slight$ smhle r  than the ra te  of gasification of the no?-silylated 
samples. Therefore ,  i t  was concluded tha t  chemical interaction of K with the 
oxygen functions i s  not the dominant catalytic mechanism. 

(CH3)3 + 2H20 'oa-l + ROSi * O ( 0 H )  + 3CH4 (schematic) (8)  

Mechanism 2 .  Catalysis by solid-solid polarization. 

Potassium carbonate,  like many other  sa l t s ,  has negative surface 
charges.  Since char  is a good conductor,  an electric dipole i s  created when 
K CO touches char .  I t  has  been presumed tha t  more active s i tes  of high 
ac%ivi?y may be genreated by such a contact.  

Test  of Mechanism 2. 

If the catalytic activity of K CO was due to the dipolarization, one 
would expect every material with nggadve surface charges to have a similar 
catalytic effect to K CO . Since this  is not observed experimentally i t  must 
be concluded tha t  $olia-solid dipolarization is not the dominant catalytic 
mechanism. 

Mechanism 3 .  Catalysis by interaction between the K2Cg3 
and the  gas  which forms more reactive species. 

I t  has been postulated tha t  K CO may interact with the gaseous 
molecules to form more reactive ones,  A i c d  subsequently react  with the char. 

Test  of Mechanism 3.  

Potassium carbonate was found to  catalyze the ra te  of reaction of char  
with many chemically and physically different gases.  No products  of binary 
interactions of activated species were found and i t  seems highly unplausible 
that the same solid will catalyze the formation of activated species from many 
different gases.  Therefore,  mechanism three has to be ruled out  also. 
Additional data on this  aspect  were discussed by Thomas (1965). 

MeChaPkm-!. r,atalY~~gb~.thrr.in_tera cAiE!o fK.p3  
wj!h- I.hc temper-lure ficld. 

I n  ordinary gasification reactors the "reactor temperature" is measured 
and it is supposed tha t  this temperature represents  the  reaction temperature. 
A catalytic effect is noted when higher ra tes  of gasification of the  solid are  
observed a t  the same MEASURED temperature.  For t h e  endothermic 
gasification reactions 
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c + co2 -f 2CO GI =" 40 kcal/mole 

a n d  
C + H20 + CO + H2 AH z 32 kcal/mole 

heat  has to b e  supplied to the char particle in o rde r  to maintain its 
gasification. I f  t he  rate of gasification is limited b y  the  rate of heat 
t r anspor t ,  the temperature of the cha r ,  T , will be  lower than the gas  
temperature,  'r or  possibly the m e a s u r e 8  temperature,  T If K2C0 
impregnation edhances the  ra te  of heat t r anspor t  to t he  &'ar, e . g .  b$ 
absorbing more heat as radiation, one may conceive tha t  conditions can exist ,  
f o r  which: 

'r < T~ < T~ (9) 
P 

The  temperature of the  char  particles with catalyst ,  T , may effectively be 
larger than the  temperature of the  char  with no c a t g y s t ,  A T  THE SAME 
MEASURED TEMPERATURE. This phenomenon will be  recognized as 
"cat.alysis" since the  ra te  of gasification is an  increasing function of the  
temperature. The  ratio of t he  rate of reaction of a particle with catalyst to 
tha t  without one ,  r ,  will be  approximately 

E l l  

R Tc T 
r 2 exp - -- (- - -) > 1 ( 1 1 )  

P 

Tex t  of Mechanism 4.  

Three  tests were done to examine this mechanism: 

A .  The total radiation intensity in the  reactor was measured using an 
optic fiber which was inserted into the  char .  

B .  Pulses of CO were injected into the  reactor and  the  concentrations 
of CO The  approach 
functiah, Q , which measures how close the  concentration of the 
gases appaoach equilibrium was plotted vs. t h e  measured 
temperature,  

a n d  60 were determined in the products .  

n 

$l = Y L  a co '"c02 

C .  Calculations were made to estimate the  possible effect of the  rate of 
heat t r anspor t  b y  radiation on the particle tempeature. 

I'iqurc 5 shows I.he radiation cniit.t.er1 rrom chars I.reaI.ed by various 
rciiqvnls VS. Lht: rnc:iisuretl I.cmper;iI.ure. 'I'he da ta  shows that. i j l .  the S ; ~ I I I C  
meilsurcd lempcraturc samples of char  iiiiprcgriated wiLh more active calalysts 
emit less radiation than samples of char  treated with less reactive catalysts. 
Based on this observation, i t  is tempting to  assume tha t  t he  effect of the 
K C 0 3  is to enhance the  ra te  of absorption of energy  a s  radiarion. 
C&~sequent ly ,  one would assume tha t  the  temperature of t he  K CO -treated 
char  is larger than the  temperature of t he  untreated cha r ,  g t  &he same 
measured Wmperature. Since the  reaction with C02 is endothermic, one must 
maintain tha t  T < TC < Tm. 
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3 Figure 6 shows the logarithm of the  approach plotted v s .  10 /T for  
graphite,  untreated char  and treated cha r s .  The data show that la rger  
approach is observed in the  case o f  K2C03-treated char  than that which 
corresponds t.o graphite cha r ,  and to chars  treated with Ca(OHI2 and 
Na CO , all at  t he  same reactor temperature. 

dlermodynamics limits the value of the approach which can be  obtained 
to the equilibrium value A T  T H E  SAME TEMPERATURE. To explain the da t a ,  
one must assume tha t  either the  char  temperature is  larger than the  measured 
temperature,  o r  tha t  char  has  much la rger  activity than graphite and that 
equilibrium values derived based on graphite can not be applied to cha r .  
The char temperature can not be  la rger  than the  gas  temperature because the 
gasification reaction is endothermic. 

TWO questions a r e  addressed:  

A .  Under which circumstances the  r a t e  of heat t ranspor t  may limit the  
rate of gasification by the  endothermic reactions ( 2 )  and (3), and 

B .  Can the  e f fec t  of hea t  t ranspor t  b y  radiation be  of sufficient 
magnit.ude to influence t h e  t.emperature of the  particle? 

The answer to both problems is obtained using a simple steady-state energy 
balance on a coal particle. 

Rate  of  h e a t  t r a n s p o r t  R a t e  of  h e a t  t r a n s p o r t  

c o n v e c t i o n  
by  c o n d u c t i o n  + + by r a d i a t i o n  

= R a t e  o f  a b s o r p t i o n  o f  h e a t  
by t h e  r e a c t i o n  

The complete mathemat.ica1 analysis has been submitted for publication, the 
antilysis shows tha t  lor particles of about 100 p a n  increase i n  the  rate of 
gasification by a factor of 1000-3000 will resu l t  in the  r a t e  of heat transfer 
limiting the rate of gasification. Heat t ransfer  b y  radiation contributes 1-1.0% 
of the convection term near  700OC. 

_-_ 'l'esl of MechaniCmL. 

Packed beds of char  with K CO and without K CO were prepared a s  
described in the experimental segtior? and used in &e $-eactor. Pulses of 
gases were injected into the reactor and the  pulses of products were 
analyzed. The conversion of each pulse,  its shape and its retention in the  
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reactor w e r e  used to infer on t h e  mechanism of the  catalysis. The  main 
conclusions from these  tests are :  

A .  The pulses of gas  a r e  retained for  a longer time in a reactor with 
treated-char relative to reactor with unt rea ted  char .  

B. The shape of t he  pulses which came out  of a reactor with treated 
char  sugges t s  t ha t  the  gas  disorbes from t h e  K OC -treated char 
much slower than  from the  surface of u n t r e a t e 2  c h b .  Figure 7 
shows the  forms of pulses of CO injected to packed-bed reactors 
with char  and  with K CO -trea&d char a t  65OOC. The  pulses 
coming out of t h e  react& d t h  the  K C03-treated cha r  a r e  flat and 
tailing. I t  takes a s  long as 10-20 mi%utes to  completely desorb the  
pulse out .  Figure 8 shows the  shape of hydrogen pulses injected 
to the  differential reactor a t  7OOOC. Again, it is obvious tha t  the  
residence time of H on K C03-treated char  i s  substantially longer 
than tha t  on un t r e i t ed  c$ar. Figure 9 shows the  output signals 
from the  g a s  chromatograph, when equal pulses of CO were 
injected to  columns packed with char  and with K CO -treate8 char .  
The  figure demonstrates th ree  points: mo+e i f  t he  C02 i s  
converted to CO when columns packed with K CO -treated char  a re  
used .  2 .  t he  CO and the  CO a r e  retained’on ?he KZCO -treated 
cha r  longer t ime $ban on the  untreated char .  3.  thz pulses 
coming o u t  of t h e  K CO -treated char  a re  tailing. These 
observations a r e  consist&t %ith mechanism five. The data show 
clearly tha t  pulse of CO s tay  in the reactor longer time when the  
reactor contains K CO -?rested c h a r ,  relative to when i t  contains 
untreated c h a r .  dlyldtion of char  slightly reduces the  residence 
t ime of pu lses  of C02  and  t h e  activity of the  cha r .  Treatment of 
silylated char  with K CO increases the  activity of t he  char  beyond 
tha t  of un t rea ted  c h i r ,  % u t  not quite to the  level of unsilylated 
cha r  treated with K CO Taylor and  Neville (1921) observed tha t  
be t te r  catalysts abs&-b %ore CO than poorer catalysts.  However, 
they  a t t r ibu ted  t h e  catalytic eqfect to the formation of surface 
carbon-oxygen complexes. Had surface complexes been formed, one 
would expect exchange of carbon from the  gaseous carbon dioxide 
and  the solid cha r .  Howeygr, Yergey and Lampe (1974), whol$id 
t racer  e x p e r i p n t s  usins2C on the  gasification of char  with C 0 
found tha t  C 0 and C 0 evolve from the  char  simultaneously an8  
a t  equal rates. These observations tend to suppor t  gasification 
mechanisms which do not permit exchange of carbon between the  
g a s  and t h e  solid, or the  formation of chemical bonds due to 
carbon-oxygen complexes. 
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Flg. 5. The v a r i a t i o n  o f  t h e  emiss ion  
of l i g h t  from t h e  s u r f a c e  of 
char  t r e a t e d  by v a r i o u s  c a t a l y s i s .  

A,., - --- 

Fig .  6 .  The approach  f u n c t i o n s  

PY2co/Yco2 p l o t t e d  VS. 

103/T f o r  c h a r s  t r e a t e d  
by v a r i o u s  c a t a l y s t s .  

.:..\., * 

Fig. 8. The shape  o f  p u l s e s  of  C02 a t  

t h e  o u t l e t  of t h e  packed bed. 
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H2 STUDY IN MICROREACTOR 

0.2 gm. DEMINERALIZED 

700°C. 2.5 oim. 
CHAR 8 20% K2CO3 

n 

0.2gm. DEMINERALIZED 
CHAR ?OO"C, 2.5oim. 

- 
SENSITIVITY INCREASED 

n 
BY A FACTOR OF 6 A = 40,000 

A = 39,000 

Fig. 9. The shape of pulses  of H a t  t h e  o u t l e t  of t h e  microreactor. 



Char R e a c t i v i t i e s  and Their  Rela t ionship  
t o  Pore C h a r a c t e r i s t i c s  

S. Kat ta  and D. L. Keairns  
Westinghouse R&D Center 

P i t t s b u r g h ,  PA 15235 

INTRODUCTION 

The s tudy of char  r e a c  i v i  ies is fundamental t o  t h e  des ign  
and performance eva lua t ion  of g a s i f i e r s  f o r  c o a l  g a s i f i c a t i o n .  This  
i n v e s t i g a t i o n  was undertaken i n  connect ion wi th  t h e  development of t h e  
Westinghouse coa l  g a s i f i c a t i o n  process .  The o b j e c t i v e  of t h e  s tudy 
was t o  determine t h e  r e a c t i v i t i e s  of s e v e r a l  c h a r s  and t o  examine t h e  
r e l a t i o n s h i p  between t h e  r e a c t i v i t i e s  and t h e  pore s u r f a c e  a r e a s  o r  
mean pore diameters .  I f  char  r e a c t i v i t i e s  can be predic ted  from pore 
s u r f a c e  a r e a  or  pore mean diameter ,  char  c h a r a c t e r i z a t i o n  becomes 
s impler .  This  method can then be used as a screening  technique t o  
a s s e s s  the  performance of g a s i f i e r s .  

A d e t a i l e d  experimental  i n v e s t i g a t i o n  on t h e  r a t e  of carbon- 
steam (C-HzO) and carbon-carbon d ioxide  (C-CO2) r e a c t i o n s  wi th  coke 
breeze was repor ted  by Kat ta  and Keairns  (1 ) .  
were used t o  p r e d i c t  g a s i f i c a t i o n  r a t e s  i n  s e v e r a l  p i l o t  p l a n t  tests by 
means of a g a s i f i c a t i o n  model. 

The r e a c t i v i t i e s  of chars  

The r e a c t i v i t y  of carbonaceous m a t e r i a l  i n  a H 2 0  o r  C02 
atmosphere depends on t h e  rank of c o a l ,  t h e  rate of hea t ing ,  and t h e  
hea t  t reatment  temperature ,  a l l  of which i n f l u e n c e  t h e  pore c h a r a c t e r i s -  
tics. The pore s t r u c t u r e  and t h e  chemical n a t u r e  of t h e  char  c o n t r o l  
t h e  r e a c t i v i t y  i n  a H 2 0 ,  C02, o r  oxygen atmosphere. The r e a c t i v i t y  of 
a m a t e r i a l  may no t  be t h e  same i n  a l l  t h e s e  atmospheres s i n c e  t h e  mineral  
content  in f luences  each of t h e s e  r e a c t i o n s  t o  a d i f f e r e n t  e x t e n t  and t h e  
same pores  a r e  n o t  involved i n  t h e s e  r e a c t i o n s .  
l i t e r a t u r e  i n d i c a t e s  t h a t  a l i m i t e d  understanding has  been gained on t h e  
inf luence  of d i f f e r e n t  parameters on t h e  r e a c t i v i t i e s  of c h a r s .  

Information from t h e  

I n  any c o a l  g a s i f i c a t i o n  process  much of t h e  carbon conversion 
takes  place through a C-H20 r e a c t i o n .  Hence, i t  is important  t o  e s t a b l i s h  
char  r e a c t i v i t i e s  i n  a steam atmosphere r a t h e r  than i n  o t h e r  atmospheres. 
A study of char  r e a c t i v i t i e s  in  t h e  atmospheres of H 2 0 ,  C02, oxygen, and 
hydrogen is  important f o r  a fundamental understanding of char  behavior.  

Jenkins  e t  a l . ( 2 )  s tud ied  t h e  r e a c t i v i t i e s  of v a r i o u s  chars  i n  
a i r  a t  500°C a s  a f u n c t i o n  of h e a t  t reatment  temperature,  mineral  conten t ,  
and pore s t r u c t u r e .  
t h e  h e a t  t reatment  temperature  was increased ,  and t h a t  t h e  magnitude of 
t h e  e f f e c t  depended on t h e  t y p e  of c h a r .  They observed, a l s o ,  t h a t  t h e  

They found t h a t  t h e  c h a r s  became l e s s  r e a c t i v e  as 
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l e v e l  of t r a n s i t i o n a l  p o r o s i t y  (es t imated  from n i t rogen  adso rp t ion )  
inc reases  t h e  r e a c t i v i t y  markedly since t h e  a b i l i t y  of a gaseous 
reactant t o  r each  t h e  s u r f a c e  a r e a  i n  t h e  micropores i s  enhanced. They 
concluded t h a t  t h e  r e a c t i v i t y  of c h a r s  prepared  a t  t h e  same temperature 
and hea t ing  r a t e  is predominantly in f luenced  by mineral matter and t h e  
rank  of t h e  pa ren t  coal.  

The r e a c t i v i t i e s  of s e v e r a l  cha r s  i n  a C 0 2  atmosphere and t h e  
changes i n  pore s t r u c t u r e  w i t h  carbon convers ion  were i n v e s t i g a t e d  by 
Dutta et a L  ( 3 ) .  They found t h a t  almost t h e  e n t i r e  s u r f a c e  a r e a  of 
cha r s  seemed t o  be  due  t o  micropores smaller than  0.01 t o  0.02 um i n  
diameter.  They concluded t h a t  t h e  r e a c t i v i t i e s  w e r e  almost p ropor t iona l  
t o  t h e  su r face  a r e a s  occupied by po res  above about  0.003 um i n  diameter,  
sugges t ing  t h a t  smaller pores  are i n a c c e s s i b l e  t o  gaseous r e a c t a n t .  
They der ived  a rate equa t ion  wi th  a parameter t h a t  r e p r e s e n t s  t h e  change 
i n  a v a i l a b l e  pore s u r f a c e  a r e a  wi th  carbon convers ion .  

Johnson ( 4 )  conducted a comprehensive s tudy  on  t h e  e f f e c t s  of 
phys i ca l  and  chemical p r o p e r t i e s  of c h a r s  on t h e i r  r e a c t i v i t i e s .  He 
concluded t h a t  t h e  g a s i f i c a t i o n  of c h a r s  w i th  hydrogen and steam- 
hydrogen (H~O-HZ) mix tu res  occurs  p r imar i ly  on t h e  su r face  wi th in  micro- 
pores  which were de f ined  a s  less than  5.5 nm i n  d iameter .  

EXPERIMENTAL WORK 

The react ivi t ies  of va r ious  cha r s  were determined a t  a 
temperature of 927°C and a p res su re  of 1 0  atmospheres i n  a steam- 
hydrogen-nitrogen (H20-Hz-N-J atmosphere. Experiments w e r e  conducted 
i n  a r e a c t o r  of 3 .5  c m  i d  and 30.5 cm he igh t  which was hea ted  e x t e r n a l l y  
by a n  e l e c t r i c  fu rnace .  
s i z e  w a s  p laced  on t h e  d i s t r i b u t o r  and f l u i d i z e d  by t h e  gaseous mixture.  
Gas samples were taken  f o r  d i f f e r e n t  i n l e t  g a s  compositions,  and t h e  
r e a c t i o n  ra te  w a s  determined from t h e  product  gas  composition and t h e  
e s t i m a t e d  amount of carbon p resen t  i n  t h e  bed a t  the time t h e  sample 
w a s  taken. A t  t h e  end o f  t h e  t es t ,  t h e  bed m a t e r i a l  was weighed and 
t h e  product gas  l i n e  f lu shed  t o  c o l l e c t  f i n e s .  The amount of f i n e s  
c o l l e c t e d  i n  any run  was very  s m a l l .  A d e t a i l e d  d e s c r i p t i o n  of t h e  
appara tus  and t h e  exper imenta l  procedure are g iven  i n  r e fe rence  (1). 
The r e a c t i o n  d a t a  w e r e  analyzed on t h e  b a s i s  of t h e  rate equat ion  de- 
r ived  from Ergun's model (5 ) .  

CHAR PREPARATION 

A sample of about 35 g of char of -1.0 + 0.25 mm 

Renton, Minnehaha, and Montour cha r s  were prepared i n  t h e  
Westinghouse process  development u n i t .  
were obta ined  from FMC Corporation and Synthane c h a r  from t h e  Synthane 
p i l o t  p l a n t .  

Western Kentucky and Utah cha r s  
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SURFACE AREA MEASUREMENT 

We degassed t h e  char  samples a t  110°C f o r  about fou r  hours  
p r i o r  t o  measuring t h e i r  s u r f a c e  a r e a s ,  us ing  carbon d iox ide  as t h e  
adsorba te  a t  298 K on a micromer i t ics  Model 2100 su r face  a r e a  ana lyze r .  
An e q u i l i b r a t i o n  t i m e  of  about 30 minutes w a s  allowed f o r  eacb adso rp t ion  
po in t .  The molecular area of C02 a t  298 K was taken  as 25.3 A2.  

The Dubinin-Polanyi equat ion  (D-P equat ion)  w a s  used f o r  t h e  
eva lua t ion  of su r face  a r e a s  of cha r s  and i s  g iven  below: 

2 l o g  V = log  Vo - D log  (Po/P2) 

A p l o t  of l o g  Va ve r sus  log2  (Po/P2) y i e l d s  t h e  v a l u e  of l o g  VO from 
which t h e  s p e c i f i c  su r face  area of t h e  sample can b e  c a l c u l a t e d  A 
va lue  of 63.5 a t m  was used f o r  t h e  s a t u r a t i o n  vapor p re s su re  o f  C02 a t  
298 K. 

PORE VOLUME MEASUREMENT 

Measurements on pore  volume were made wi th  a Micromer i t ics  
mercury pene t r a t ion  porosimeter Model 910 series. P res su res  up t o  
17,000 p s i  were used i n  t h e s e  measurements t o  cover a pore  d iameter  
range of 100 t o  0.0104 um. 

RESULTS AND DISCUSSION 

The fo l lowing  rate equat ion  f o r  t h e  coke breeze-Hz0 r e a c t i o n  
had been obtained i n  a previous  s tudy  (1) :  

where 1-2, k2,  and K2 are t h e  r e a c t i o n  r a t e  pe r  u n i t  mass, rnin-l, t h e  
r e a c t i o n  cons t an t ,  and t h e  equ i l ib r ium cons tan t ,  r e spec t ive ly .  
K2 are  g iven  by 

k2 and 

k2 = 4.85 x l o 6  - exp (-48,2OO/RT) (3)  

K2 = 2.25 x lo6 - exp (-42,6OO/RT) ( 4 )  

where T i s  t h e  a b s o l u t e  temperature i n  K. The ra te  d a t a  were p l o t t e d  
wi th  P H ~ / P H ~ o  ve r sus  t h e  i n v e r s e  r e a c t i o n  ra te  t o  ob ta in  t h e  r e a c t i o n  
rate parameters.  
t h e  va lues  of K2 and l / k 2 ,  r e s p e c t i v e l y .  Resu l t s  f o r  Renton, Minnehaha, 
FMC Western Kentucky, Synthane, Montour, and Utah cha r s  are shown i n  
F igures  1 t o  6 .  The i n i t i a l  r e l a t i v e  r e a c t i v i t i e s  of va r ious  c h a r s  w i t h  
r e fe rence  to coke breeze  are g iven  i n  Table 1. 

The i n t e r c e p t s  on t h e  o r d i n a t e  and t h e  a b s c i s s a  g i v e  
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Table 1 

RELATIVE REACTIVITIES OF CHARS 

Rate Cons tan t ,  I n i t i a l  R e l a t i v e  Surface Area Mean Pore 
- Char k7, m i n - 1  R e a c t i v i t y  by c07 Adsorption D i a m e t e r , p m  

Coke Breeze 0.008 1.00 13.9 0.196 

Minnehaha 0.08 9.88 85.2 0.066 

Renton 0.02 2.47 199.8 0.033 

Utah 0.081 10.13 126.8 0.036 

FMC 
Western 0.095 11.73 117.9 0.041 
Kentucky 

Synthane* 0.08 10.67 63.2 0.068 

Montour 0.0195 2.44 23.3 0.161 

*React iv i ty  e v a l u a t e d  a t  32 percent  carbon conversion.  

The i n i t i a l  r e l a t i v e  react ivi t ies  of t h e  chars  were p l o t t e d  
v e r s u s  t h e  pore s u r f a c e  areas determined by C02 adsorp t ion  and i n t e r -  
p re ted  by Dubinin-Polanyi equat ion  i n  F igure  7. I f  the  d a t a  on Renton 
char  i s  excluded, a c o r r e l a t i o n  of t h e s e  two v a r i a b l e s  can b e  obtained.  
In t h e  absence of r e a c t i v i t y  d a t a ,  t h e  r e l a t i v e  r e a c t i v i t y  can b e  
est imated from C02 s u r f a c e  areas. T h i s  method, however, w i l l  probably 
be u n c e r t a i n  f o r  some materials whose s u r f a c e  area develops pr imar i ly  
a f t e r  s i g n i f i c a n t  conversion.  Work on a d d i t i o n a l  chars  i s  recommended 
i n  order  t o  improve t h e  r e l i a b i l i t y  of t h e  method and t o  e s t a b l i s h  
l i m i t a t i o n s .  

- The mean pore  diameter  of c h a r s  is  c a l c u l a t e d  from t h e  r e l a t i o n  
D = 4 V / S c o 2 ,  where V i s  t h e  pore volume as measured by means of mercury 
porosimeter  and Sco2 i s  t h e  s u r f a c e  area as measured from C02 adsorp t ion .  
The r e l a t i v e  c h a r  r e a c t i v i t i e s  were p l o t t e d  v e r s u s  t h e  mean pore diameter 
i n  F igure  8. 
a f t e r  excluding t h e  d a t a  on Renton char .  Use of t h i s  c o r r e l a t i o n  
r e q u i r e s  t h e  measurement of s u r f a c e  a r e a  and pore volume. F i g u r e s  7 
and 8 i n d i c a t e  t h a t  more r e a c t i v e  c h a r s  have g r e a t e r  s u r f a c e  a r e a s  and 
smaller mean pore  d iameters  than  o t h e r s ,  as would be expected. 

A l i n e a r  c o r r e l a t i o n  was obtained by a r e g r e s s i o n  a n a l y s i s  
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SUMMARY 

Rela t ive  react ivi t ies  of cha r s  i n  a H20-N2-H2 atmosphere were 
measured i n  a l a b o r a t o r y  f l u i d i z e d  bed. 
b a s i s  of Ergun's r a t e  equat ion ,  and t h e  r e l a t i v e  r e a c t i v i t i e s  were 
ca l cu la t ed  wi th  r e fe rence  t o  coke breeze .  Sur face  areas of c h a r s  were 
obtained by means of C02 adso rp t ion ,  and pore  volumes were measured by 
means of mercury p e n e t r a t i o n  porosimetry.  
f i e d  between t h e  r e l a t i v e  r e a c t i v i t y  ve r sus  t h e  s u r f a c e  areas and t h e  
mean pore diameter f o r  t h e  l i m i t e d  number of c h a r s  i n v e s t i g a t e d  i n  t h e  
p re sen t  s tudy .  Add i t iona l  s t u d i e s  should b e  conducted t o  e s t a b l i s h  t h e  
range of v a l i d i t y  wi th  a d d i t i o n a l  c h a r s  and drawbacks of t h i s  approach. 

Resu l t s  were analyzed on t h e  

A c o r r e l a t i o n  can b e  i d e n t i -  
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NOMENCLATURE 

D 

D 

k 

- 

2 

K2 

sco* 
T 

V 

"a 

V 

x 

a cons t an t  

mean pore  diameter of cha r s  

rate cons t an t  of carbon-steam r e a c t i o n ,  min as def ined  
by Ergun's ra te  equat ion  

equi l ibr ium cons tan t  of carbon-steam r e a c t i o n  as def ined  
by Ergun's theory  

p a r t i a l  p re s su res  o f  hydrogen and steam, r e s p e c t i v e l y  

s a t u r a t i o n  vapor p re s su re  of adso rba te  a t  adso rp t ion  
temperature 

i n i t i a l  rate per  u n i t  m a s s  of carbon-steam r e a c t i o n ,  
(corresponds t o  a carbon convers ion  of ze ro )  min-1 

s u r f a c e  area of cha r s  measured by C 0 2  a d s o r p t i o n  

abso lu te  temperature of char  bed, K 

pore  volume, cm31g 

amount of  C02 adsorbed a t  equ i l ib r ium p r e s s u r e  p 

micropore capac i ty  

f r a c t i o n a l  carbon convers ion  

-1 

2 
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Figure 1 - Renton char -steam reaction 
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Figure 2 - Minnehaha char -steam reaction 
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Figure 3- FMC western Kentucky char - steam reaction 
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Figure 4-  Synthane char - steam reaction 
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Figure 5 - Monlour char - steam reaction 
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Figure 6- Wah char - steam reaction 
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Figure 8 - Relat ionship between reactivity and mean pore diameter 
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HYDROGENOLYSIS OF BENZENE AND ALKYLATED 
BENZENES OVER COAL CHARS 

S.  K. Gangwal and W .  J .  McMichael 
Research T r i a n g l e  I n s t i t u t e  

P. 0. Box 12194 
Research Tr iangle  Park,  N .  C.  27709 

INTRODUCTION 

The Research T r i a n g l e  I n s t i t u t e  (RTI) i s  conduct ing an experimental  s tudy  t o  
a s s e s s  t h e  environmental impacts of coa l  g a s i f i c a t i o n  and e v a l u a t e  c o n t r o l  techno- 
l o g i e s  f o r  t h e  many p o t e n t i a l  p o l l u t a n t s  t h a t  a r e  formed dur ing  g a s i f i c a t i o n .  
P o l l u t a n t  genera t ion  behavior  of 10 U.S. c o a l s  has  been s t u d i e d  i n  a bench-scale 
g a s i f i e r  under a v a r i e t y  of condi t ions  (1-3). Process  o p e r a t i n g  c o n d i t i o n s  such  
as continuous versus  ba tch  opera t ion ,  f i x e d  versus  f l u i d i z e d  bed opera t ion ,  
temperature, c o a l  type,  p r e s s u r e  and p a r t i c l e  s i z e  have been found t o  determine 
production behavior .  
(PAHI and phenol ic  compounds. 

Of major i n t e r e s t  a r e  t h e  polycycl ic  a romat ic  hydrocarbons 

S i g n i f i c a n t  q u a n t i t i e s  of char  or h igh  a s h  s o l i d s  a r e  produced during c o a l  
g a s i f i c a t i o n .  One o b j e c t i v e  of t h i s  s tudy was t o  determine t h e  f e a s i b i l i t y  of 
using coa l  char  a s  a c a t a l y s t  t o  f a c i l i t a t e  c racking  of p o t e n t i a l  environmental 
p o l l u t a n t s .  The au thors  are aware of  on ly  one previous s tudy ,  which repor ted  on 
decomposition of phenol ics  over  l i g n i t e  char  ( 4 ) .  It w a s  found t h a t  t h e  presence 
of coa l  char  g r e a t l y  enhanced t h e  decomposition of phenol. Vi rk ,  e t  a l .  (5) 
reviewed the  l i t e r a t u r e  on  thermal  hydrogenolysis  of  aromatic  compounds. Benzene 
decomposition was s lowes t  and anthracene decomposition w a s  f a s t e s t  among t h e  
var ious  compounds s t u d i e d  (1 t o  4 r i n g s ) .  No a l k y l a t e d  a romat ics  were repor ted  
upon, a l though v a r i o u s  o t h e r  s t u d i e s  (6-9) have been c a r r i e d  o u t  on thermal 
hydrodeal l rylat ion of a romat ics  and phenols. 
t h e  mechanism o r i g i n a l l y  proposed by Si l sby  and Sawyer (6)  which r e s u l t s  i n  a 
f i r s t  order  dependence of t h e  rate on t h e  concent ra t ion  of t h e  decomposing compound 
and ha l f  order  dependence on hydrogen concent ra t ion  wi th  hydrogen d i s s o c i a t i o n  a t  
equi l ibr ium. According t o  t h i s  mechanism, t h e  cracking of  a l k y l a t e d  aromatics  
and phenols seems t o  involve  t h e  benzene r i n g  as an in te rmedia te .  

In  genera l ,  t h e s e  s t u d i e s  a g r e e  w i t h  

From the  above d i s c u s s i o n ,  i t  fol lows t h a t  benzene could s e r v e  a s  a model 
compound f o r  comparing t h e  c a t a l y t i c  hydrogenolysis  p o t e n t i a l  of var ious  c o a l  
chars .  I n  a d d i t i o n  t o  benzene, a l k y l a t e d  benzenes ( to luene ,  e thylbenzene and o- 
xylene) were a l s o  chosen as model compounds f o r  t h i s  s tudy.  

EXPERIMENTAL 

The proximate and u l t i m a t e  a n a l y s i s  of t h e  char  s o l i d s  chosen f o r  t h i s  s tudy  
a r e  shown i n  Table  1. The Wyoming subbituminous and the  I l l i n o i s  No.6 c h a r s  were 
produced by t h e  s team-air  g a s i f i c a t i o n  of t h e  c o a l s  a t  900°C and 200 ps ig  i n  t h e  
R T I  bench-scale g a s i f i e r .  
(Columbia, Tennessee) who prepared i t  by coking a Western Kentucky No.11 c o a l  a t  
870 t o  1 0 9 0 O C .  For comparison, quar tz  and molecular  s i e v e  4A were a l s o  used i n  
t h e  microreactor  experiments .  Representa t ive  samples of a l l  m a t e r i a l s  w e r e  
crushed and screened t o  28  x 48 mesh. Microreactors  were prepared as  shown i n  
Figure 1 wi th  t h e  volume of  packing m a t e r i a l  being approximately 1 cm3 and ranging 
i n  weight from 0.5 t o  1 . 0  gram. A r e a c t a n t  gas  conta in ing  290 ppm benzene, 52.2 
ppm toluene,  9.87 ppm ethylbenzene and 11.4 ppm o-xylene i n  n i t r o g e n  was used i n  
a l l  experiments. Hydrogen of high p u r i t y  w a s  blended wi th  t h e  r e a c t a n t  gas  t o  
obta in  a hydrogen l e v e l  of 50 percent .  D e t a i l s  of t h e  r e a c t o r  f low system a r e  
shown i n  F igure  2. Gas res idence  time i n  the  r e a c t o r s  ranged from approximately 
0.25 t o  0.5 seconds; and a l l  experiments were c a r r i e d  out  a t  s l i g h t l y  above 
atmospheric pressure .  In  t h e  experiments u t i l i z i n g  c o a l  c h a r s  t h e  packed 

The Peabody char  w a s  obtained from Peabody Coal Company 
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TABLE 1. PROXIMATE AND ULTIMATE ANALYSIS OF CHARS 

Weight % As Received 

Peabody I l l i n o i s  No.6 Wyoming Subbituminous 
Char Char Char 

Proximate 
Mo i s t u r e  1.46 0.77 1.27 
V o l a t i l e  M a t t e r  1.73 2.56 5.89 
Fixed Carbon 84.61 39.94 36.03 
Ash 12.20 56.73 56.81 

U1 t imate 

Carbon 82.34 39.61 40.53 
Hydrogen 0.82 0.59 0.46 
Ni t rogen 1.17 0.72 0.44 
S u l f u r  2.06 1.56 0.48 
Oxygen (by  d i f f e r e n c e )  1.41 0.79 1.28 

microreactor  was condi t ioned  o v e r n i g h t  wi th  t h e  r e a c t a n t  gas-hydrogen mixture  at  
800°C. In t h e  experiments u t i l i z i n g  q u a r t z  and molecular  s i e v e  packings and i n  
t h e  tests u s i n g  a n  empty r e a c t o r  condi t ion ing  w a s  n o t  c a r r i e d  out .  This  l e d  t o  
some i n t e r e s t i n g  observa t ions  on t h e  t r a n s i e n t  cracking a c t i v i t y .  Reactor tem- 
pera tures  were v a r i e d  from 500 t o  8OO0C. Analysis  of r e a c t a n t s  and products  were 
c a r r i e d  o u t  by gas- l iquid chromatography w i t h  an 8 '  x 1/8" s t a i n l e s s  s t e e l  column 
conta in ing  Tris-1,2,3-cyanoethoxy propane on SO/lOO mesh Chromosorb P operated 
wi th  a helium c a r r i e r  gas f low of  20 ml/min a t  85'C oven temperature  i n  a Perkin- 
E l m e r  3920B g a s  chromatograph with a flame i o n i z i a t i o n  d e t e c t o r ;  1.0 m l  samples 
w e r e  i n j e c t e d  using a zero volume s ix-por t  s t a i n l e s s  steel Carle va lve ,  opera ted  
au tomat ica l ly  wi th  a va lve  a c t u a t o r  and a valve  t i m e r  wi th  a 16 minute cyc le .  

RESULTS AND DISCUSSION 

In t h e  p r e s e n t  exper imenta l  s t u d y  wi th  benzene and t h r e e  a l k y l a t e d  benzenes 
p r e s e n t  i n  t h e  feed  gas ,  a f u l l  d e s c r i p t i o n  of t h e  k i n e t i c s  would b e  extremely 
complex s i n c e  so many p o s s i b l e  p a r a l l e l  and s e r i e s  r e a c t i o n s  can occur .  To l i m i t  
t h e  complexity of t h e  d a t a  a n a l y s i s  a s imple f i r s t  o r d e r  decomposition of each 
component is assumed. T h i s  i s  probably reasonable  f o r  e thylbenzene and o-xylene, 
however, t h e  assumption could  lead  t o  under-estimation of t h e  benzene and to luene  
cracking r a t e s  s i n c e  benzene and to luene  product ion from ethylbenzene and o- 
x y l e n e  and benzene product ionfrom t o l u e n e  a r e  ignored.  
s i m p l i f i e d  a n a l y s i s  i s  t h a t  (1) t h e  amount of e thylbenzene and o-xylene i n  com- 
par i son  t o  benzene i s  small and should not  c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  
apparent  r a t e  of benzene decomposi t ion,  (2) a t  high decomposition rates of benzene, 
ignoring benzene product ion  from t h e  o t h e r  a romat ics  w i l l  r e s u l t  i n  small e r r o r s  
i n  t h e a p p a r e n t  r a t e  of decomposi t ion s i n c e  t h e  benzene concent ra t ion  i s  almost  
s i x  times t h a t  o f  any  o t h e r  component, and (3) a n  upper bound on t h e  benzene 
decomposition rate can b e  es t imated  a s  d iscussed  towards t h e  end of  t h i s  s e c t i o n .  

I n  p rev ious  s t u d i e s  C4-9) of hydrocracking,  hydrogenolysis  o r  hydrodealkyla- 

J u s t i f i c a t i o n  f o r  t h e  

t i o n  of a romat ic  compounds t h e  d a t a  obtained a r e  c o r r e l a t e d  using a f i r s t  o rder  
ra te  with r e s p e c t  t o  t h e  compound be ing  decomposed and one-half o r d e r  wi th  respec t  
t o  thehydrogen  concent ra t ion .  
hydrogen mole f r a c t i o n  w a s  maintained and i n  l a r g e  excesses ,  t h e  r a t e  can be 

S i n c e  i n  a l l  experiments  of  t h i s  s tudy  a cons tan t  
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expressed i n  terms of  a pseudo f i r s t  o rder  r a t e  cons tan t  c o n t a i n i n g  t h e  hydrogen 
term. 
e x t e n t  of decomposition, t h e  i n t e g r a t e d  m a t e r i a l  ba lance  under i so thermal  condi- 
t i o n s  f o r  t h e  i t h  component can be w r i t t e n  a s  

Assuming a plug f low r e a c t o r  wi th  n e g l i g i b l e  change i n  gas  volume wi th  

1 Lii k = - l n -  
'io 

where T = space t i m e ,  sec. 
3 

Cii, Cio = i n l e t  and o u t l e t  concent ra t ions  of t h e  ith s p e c i e s ,  g mole/cm . 
-1 k = f i r s t  o rder  ra te  cons tan t ,  sec . 2 

This  equat ion  was used t o  c a l c u l a t e  t h e  f i r s t  o rder  rate c o n s t a n t s  f o r  a l l  exper i -  
ments i n  order  t h a t  t h e  r e l a t i v e  a c t i v i t y  of t h e  packing m a t e r i a l  toward c racking  
of aromatics  could be compared wi th  t h e  empty r e a c t o r  a c t i v i t y  and publ ished 
homogeneous decomposition rates. For each packing material, rate c o n s t a n t s  were 
determined a t  a series of temperatures .  Arrhenius  p l o t s  of  t h e  f i r s t  o rder  rate 
cons tan ts  f o r  t h e  i n d i v i d u a l  compounds a r e  shown i n  F i g u r e s  3 through 6 and a r e  
compared wi th  e x i s t i n g  l i t e r a t u r e  d a t a .  
of  t h e  pre-exponential f a c t o r s  and a c t i v a t i o n  energ ies .  

Table  2 g ives  t h e  least squares  estimates 

Examination of F igures  3 through 6 shows t h a t  t h e  s t e a d y - s t a t e  c racking  
a c t i v i t y  obtained i n  t h e  empty bed experiments is unusual ly  h igh  being on t h e  
o r d e r  of 1 t o  2 magnitudes g r e a t e r  than homogeneous f i r s t  o r d e r  c o n s t a n t s  repor ted  
i n  t h e  l i t e r a t u r e .  
o u t  i n  r e a c t o r s  t h a t  had h igh  s u r f a c e  t o  volume r a t i o s  (about  3-6 t i m e s  those  
used i n  previous s t u d i e s  (4-11)). 
wi th  run time as seen i n  F igure  7 .  
r e a c t o r  i s  increas ing  i n  a c t i v i t y  under t h e  t h e  reducing a c t i o n  of hydrogen and 
poss ib ly  carbon laydown ( i n  some unknown form); and t h e  a c t i v i t y  reaches  a s teady-  
state va lue  a f t e r  extended t i m e  per iods  (on t h e  order  of 12-24 hours ) .  

The empty bed experiments repor ted  i n  t h i s  paper  were c a r r i e d  

Also t h e  a c t i v i t y  appeared t o  i n c r e a s e  r a p i d l y  
Apparently t h e  s u r f a c e  of t h e  s t a i n l e s s  steel  

Comparing t h e  s t e a d y - s t a t e  empty bed c o n s t a n t s  t o  t h e  f i r s t  o rder  rate 
cons tan ts  a s s o c i a t e d  wi th  each char  (which show no t i m e  dependent a c t i v i t y  a f t e r  
overn ight  condi t ion ing)  i t  can be  seen  t h a t  t h e  Wyoming and I l l i n o i s  No.6 c h a r s  
show enhanced cracking a c t i v i t y  over t h e  empty r e a c t o r .  The Peabody c h a r  showed 
s i g n i f i c a n t l y  lower a c t i v i t y  and q u a r t z  had a lower i n i t i a l  a c t i v i t y  than  the  
empty bed demonstrat ing t h a t  t h e  packing m a t e r i a l  b l inded  i n  p a r t ,  t h e  a c t i v i t y  
of t h e  s t a i n l e s s  s t e e l  r e a c t o r  wal l .  Consequently t h e  rate c o n s t a n t s  a s s o c i a t e d  
wi th  t h e  Wyoming and I l l i n o i s  No.6 c h a r s  a r e  s i g n i f i c a n t l y  h igher  than t h e  
homogeneous r a t e  c o n s t a n t s  and more than  two o r d e r s  of  magnitude h igher  than  t h e  
homogeneous r a t e s  repor ted  previous ly  i n  t h e  l i t e r a t u r e .  The h igher  a c t i v i t y  of 
t h e  Wyoming and I l l i n o i s  c h a r s  over  t h e  Peabody char  i s  l i k e l y  t o  be due t o  t h e i r  
s i g n i f i c a n t l y  h igher  ash  c o n t e n t s ,  which are known t o  conta in  s u b s t a n t i a l  quan- 

' t i t i e s  of s i l i ca  and alumina. 

Quar tz  was used i n  t h e  microreac tor  f o r  t h e  purpose of comparison because i t  
w a s  i n i t i a l l y  thought t h a t  i t  would b e  r e l a t i v e l y  i n e r t  and would have a packed 
bed voidage s i m i l a r  t o  t h e  chars .  However, t h e  i n i t i a l  a c t i v i t y  of q u a r t z  showed 
r a t e  cons tan ts  a t  l e a s t  a n  order  of magnitude h igher  than  homogeneous rate con- 
s t a n t s  repor ted  i n  t h e  l i t e r a t u r e .  Furthermore, t h e  r a t e  c o n s t a n t s  were observed 
t o  i n c r e a s e  wi th  run t i m e  a t  748OC and over  a 24 hour per iod  t h e  r a t e  c o n s t a n t s  
f o r  benzene and to luene  increased  by a n  order  of magnitude. The time dependent 
behavior of  these  c o n s t a n t s  are shown i n  F igure  7. The s t e a d y - s t a t e  r a t e  con- 
s t a n t s  f o r  benzene and to luene  over  q u a r t z  were 1.95 and 5.59 sec-1, r e s p e c t i v e l y .  
The i n i t i a l  rate c o n s t a n t s  f o r  t h e  decomposition of benzene and to luene  over  
quar tz  were obtained by e x t r a p o l a t i n g  t h e  d a t a  by t h e  method of Gangwal, e t  a l . ( l 2 ) .  
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TABLE 2. ARRHENIUS EQUATIONS FOR HYDROCRACKING 

Compound M a t e r i a l  

Arrhenius Equations 

k = (sec1-l 

18 Wyoming Char 
I l l i n o i s  No.6 Char' 

Quar tz*  
Empty Reactor** 

1.71 x lolo exp (-81290/RT) 
1.05 x lol1 exp (-46730/RT) 

Benzene Peabody Char 3.29 x 10 exp (-57840/RT) 
4.61 x l o 6  exp (-33920/RT) 
3.38 x l o 7  exp (-36510/RT) 

Wyoming Char 5.29 x 1 0 i 5  exp (-68410/RT) 
I l l i n o i s  No.6 Char 2.32 x l o 9  exp (-41740/RT) 

To1 uene Peabody Char 5.35 x l o 2  exp (-47000/RT) 
Quar tz*  2.98 x l o 6  exp (-12360/RT) 
Empty Reactor** 7.21 x 10 exp (-31250/RT) 

Wyoming Char 1.97 x 10" exp (-42960/RT) 
I l l i n o i s  N0.6 Char 2.17 x 10; exp (-35710/RT) 

o - Xy 1 ene Peabody Char 8.01 x 10 exp (-3189D/RT) 
Quar tz*  ,scatter 
Enipty Reactor** 1.75 x 10 exp (-31830/RT) 

Wyoming Char 1.51 x l o 9  exp (-34640/RT) 
I l l i n o i s  No.6 Char 2.39 x 10; exp (-29000/RT) 

E thy l  benzene Peabody Char 5.59 x l o 4  exp (-34030/RT) 
Quar t z *  8.05 x 10IOexp (-19610/RT) 
Empty Reactor** 2.06 x 10 exp (-44830/RT) 

" I n i t i a l  r a t e .  
;*Steady-state r a t e .  

Mater ia l  ba lances  f o r  carbon showed t h a t  carbon ( i n  some form) w a s  being depos i ted  
on t h e  quar tz  over t h e  24 hour run per iod.  I t  is p o s s i b l e  t h a t  t h e  depos i ted  
m a t e r i a l  w a s  c a t a l y z i n g  t h e  c racking  of  t h e  benzene and toluene.  A f t e r  t h e  24 
hour per iod  a t  748'C t h e  temperature  of t h e  r e a c t o r  was lowered t o  650°C but  
no enhancement i n  a c t i v i t y  over  prev ious  experiments  a t  65OoC was observed, i . e . ,  
whatever w a s  be ing  formed a t  748°C was n o t  a c t i v e  a t  650°C. 

7 Expression f o r  maximum k = 3.38 x 10 exp (-36510/RT). 

Molecular s i e v e  4A w a s  a l s o  used as a packing m a t e r i a l  and showed very high 
i n i t i a l  c racking  a c t i v i t y  i n  comparison t o  t h e  o t h e r  packing materials i n v e s t i -  
gated a s  can be  seen  i n  F igures  3 through 6. However, t h i s  a c t i v i t y  quick ly  
faded as can be seen in Figure  7 ,  wi th  coke d e p o s i t s  b locking  t h e  porous s t r u c t u r e  
of t h e  s i e v e  be ing  a probable  d e a c t i v a t i o n  mechanism. 

Based on the  d a t a  presented i n  F igures  3 through 6 t h e  fol lowing a d d i t i o n a l  
observa t ions  can be  made: 

1. For a g iven  volume of packing m a t e r i a l  and t h e  same opera t ing  condi- 
t i o n s  t h e  r a t e  o f  c racking  of  t h e  aromatic  compounds i s  i n  t h e  order  

e thylbenzene > o-xylene > to luene  > benzene. 
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2 .  For  a given aromat ic  compound and t h e  same o p e r a t i n g  c o n d i t i o n s  wi th  
temperatures  g r e a t e r  than  6OO0C, t h e  a c t i v i t y  of  t h e  char  toward 
enhancing decomposition of compounds i s  i n  t h e  order  

Wyoming char  > I l l i n o i s  No.6 char  > Peabody char .  

The t h e o r e t i c a l  a c t i v a t i o n  energy f o r  homogeneous hydrodealkylat ion of 
a l k y l a t e d  a romat ics  i s  50 +- 5 kca l lmole ,  based on the hydrogen d i s s o c i a t i o n  
mechanism o r i g i n a l l y  proposed by S i l s b y  and Sawyer (6 ) .  The experimental  v a l u e s  
r e p o r t e d  a r e  genera l ly  45-50 kcal /mole f o r  to luene  hydrodea lkyla t ion  (6-9). 
However, t h e  empty bed a c t i v a t i o n  energy f o r  to luene  (Table 2) i s  s i g n i f i c a n t l y  
lower,  i . e . ,  3 1  kcal/mole, s u b s t a n t i a t i n g  i n  p a r t  t h a t  t h e  c a t a l y t i c  n a t u r e  of 
t h e  s t a i n l e s s  steel r e a c t o r  may b e  r e s p o n s i b l e .  Virk,  e t  a l .  (5)  r e p o r t  an 
a c t i v a t i o n  energy of 52.6 kcal /mole f o r  homogeneous hydrogenolysis  of benzene. 
Again the empty bed a c t i v a t i o n  energy f o r  benzene is much lower. The he tero-  
geneous hydrocracking r e a c t i o n s  of  benzene and to luene  over  t h e  Wyoming char  
show s i g n i f i c a n t l y  h igher  a c t i v a t i o n  e n e r g i e s  of 81 and 68  kcal/mole, r e s p e c t i v e l y .  
The v a l u e s  are c l o s e  t o  t h o s e  r e p o r t e d  by Szwarz (10) whose experiments were 
c a r r i e d  out  i n  t h e  absence o f  hydrogen. 
proceeding by a mechanism which is e n t i r e l y  d i f f e r e n t  from t h e  homogeneous 
r e a c t i o n .  
wi th  t h e  decomposition of  benzene and t o l u e n e  which are cons iderably  lower than 
t h o s e  observed f o r  t h e  Wyoming char .  One explana t ion  f o r  t h i s  i s  t h a t  t h e  
Wyoming char  r e a c t i o n  r a t e  is  not  l i m i t e d  by i n t e r n a l  d i f f u s i o n  whereas t h e  
r e a c t i o n  r a t e  f o r  o t h e r  c h a r s  might be. For  an i n t e r n a l  d i f f u s i o n  l i m i t e d  f i r s t  
o r d e r  r e a c t i o n  the  apparent  a c t i v a t i o n  energy is one-half of t h e  t r u e  a c t i v a t i o n  
energy;  t h i s  could expla in  i n  p a r t  t h e  lower va lues  observed f o r  t h e  I l l i n o i s  
and Peabody chars .  This  reasoning  i s  supported by t h e  experiments of Walker and 
coworkers (13-15) who have shown t h a t  low rank  c h a r s  g e n e r a l l y  have an ample 
supply of feeder  and t r a n s i t i o n a l  pores  whereas bituminous and h igher  rank  chars  
do not .  
l a b o r a t o r y  f o r  c h a r a c t e r i z a t i o n  of t h e  pore  s t r u c t u r e  and s u r f a c e  a rea .  A t  t h e  
p r e s e n t  t i m e  these  r e s u l t s  are n o t  a v a i l a b l e ;  however, they  w i l l  be repor ted  a t  
t h e  p r e s e n t a t i o n  of t h i s  paper .  

Thus t h e  heterogeneous r e a c t i o n  may be 

The I l l i n o i s  and Peabody c h a r s  have a c t i v a t i o n  energ ies  a s s o c i a t e d  

The char  samples used i n  t h i s  s t u d y  have been s e n t  t o  a n  o u t s i d e  t e s t i n g  

An upper bound on t h e  benzene decomposition rate on I l l i n o i s  No.6 c h a r  i s  
shown i n  F igure  3 by t h e  dark  t r i a n g l e s .  
benzene i s  a n  in te rmedia te  product  from t h e  cracking of t h e  o t h e r  a romat ics  
p r e s e n t  i n  t h e  feed. When compared t o  t h e  apparent  rate ( i . e . ,  empty t r i a n g l e s )  
i t  can be  seen t h a t  even h igher  rates of benzene decomposition e x i s t  i f  t h e  
assumption is t rue .  The a c t i v a t i o n  energy however is lower,  i .e.,  36.5 compared 
t o  46.7 ( see  Table  2, foo tnote)  and thus  as t h e  temperature  i n c r e a s e s  t h e  
observed rate and t h e  maximum p o s s i b l e  ra te  approach each o t h e r .  

This  i s  c a l c u l a t e d  assuming t h a t  

The major gaseous product  of decomposi t ion of t h e  aromatic  compounds appeared 
t o  be  l i g h t  gases  (probably most ly  methane) a l though t h e  GC column used i n  t h e  
experiment could not  s e p a r a t e  CH4,  C H 
than  could be accounted f o r  by t h e  removal of methyl groups from t h e  a l k y l a t e d  
benzene compounds. Also carbon ba lances  showed t h a t  s u b s t a n t i a l  q u a n t i t i e s  of 
t h e  i n p u t  carbon remained i n  t h e  r e a c t o r .  
c a s e  of t h e  Wyoming char  experiments  run  a t  748OC and 800'12. 
carbon i n  the  char  a l s o  w a s  converted t o  l i g h t  gases  (probably methane). The 
a c t i v a t i o n  energy of t h i s  conversion w a s  on t h e  order  of 104 k c a l / g  mole which 
corresponds t o  the  temperature  dependency of t h e  equi l ibr ium cons tan t  f o r  hydrogen 
d i s s o c i a t i o n .  

and C2H4. Much more methane w a s  formed 2 6  

The only  except ion  t o  t h i s  w a s  i n  t h e  
In  these  cases 

CONCLUSIONS 

Based on t h e  r e s u l t s  ob ta ined ,  i t  a p p e a r s  t h a t  coal-der ived m a t e r i a l s  
having high ash  content  show s i g n i f i c a n t  c a t a l y t i c  enhancement of t h e  vapor 
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phase cracking of benzene and alkylated benzene compounds. It was found that the 
Wyoming subbituminous char showed significantly greater activity (as indicated by 
the first order reaction rate constants) than the Illinois and Peabody chars. 
The activity of the Peabody char was lower than the steady-state activity of the 
empty stainless steel reactor. The activity of stainless steel increased with 
time on stream t o  a steady-state activity that was an order o f  magnitude higher 
than the activity reported in the literature for the homogeneous decomposition of 
benzene and toluene. 
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MODEL STRUCTURE FOR A BITUMINOUS COAL 

L.  A. Heredy I. Wender 

Energy Systems Group 

8900 De Soto Avenue 
Canoga Park, California 91304 

Studies on coal genesis and invest igat ions of the chemical constitution of 
coal indicate tha t  bituminous coal has a macromolecular s t ructure  i n  which a large 
number of basic units of condensed r ing s t ructures  are connected by a l ipha t ic  and 
heteroatom bridges. 
fied as  constituents o f  the coal, and several research data suggest the presence 
of hydroaromatic rings. 

Because of the complexity of the coal s t ruc ture ,  i t  i s  very d i f f i c u l t  t o  
present a concise summary of the avai lable  s t ructural  information. 
approaches, which has been used t o  summarize and t o  i l l u s t r a t e  the main chemical 
s t ructural  features  of coal, i s  the construction of "model coal molecules." 
Although many d e t a i l s  of model coal s t ructures  are necessarily qua l i ta t ive  in 
nature and need to be updated as new research data become avai lable ,  the derivation 
and construction of model molecular s t ructures  for  coal serve an important purpose 
because they help the coal researcher t o  summarize and evaluate the consistency of 
experimental data from a s t ructural  viewpoint and to  ident i fy  key areas where more 
research i s  needed. 

An important application of model s t ructures  was reported by van Krevelen ( l ) ,  
who proposed formulae for  the aromatic constituents of coals a t  d i f fe ren t  stages- 
of coal i f icat ion.  More recently, Given ( 2 ) ,  Wiser (?), and Gibson ( 4 )  have proposed 
model molecular s t ructures  for  high-volatile bituminous coals of approximately 
82 t o  83% C content. While there a re  s ign i f icant  differences among these proposed 
s t ructures ,  several of the i r  basic features  are  similar: 
t ive ly  small condensed aromatic ring systems, consisting on the average of two t o  
four condensed r ings;  flourene- and phenanthrene-type condensed aromatic rings 
predominate; the nonaromatic par t  of the molecule consis ts  mostly of hydroaromatic 
rings; and there  are  few alkyl (mainly methyl) groups. 

recent years on bituminous coals warrants an  updating of model coal s t ructures .  
One of t h e  most important coal s t ruc tura l  propert ies ,  the carbon aromaticity has 
been determined direct ly  by sol id -s ta te  carbon-13 NMR spectroscopy using 1H-1% cross- 
polarization ( 5 , 6 )  and magic-angle spinning (7,8). The average s ize  of condensed 
aromatic strucTuFes in high-vol a t i  l e  bi tuminouscoal s has been estimated on the 
basis of investigations of coal extracts  ( 9 , s ) .  A new oxidative degradation 
technique has been developed to invest igate  the a l ipha t ic  s t ructures  in coal (11). 
Many additional new data have been forthcoming about a variety of subjects deaTTng 
with coal s t ructural  research, such as the dis t r ibut ion of oxygen in  bituminous 
coal among d i f fe ren t  functional groups, the characterization of heterocyclic 
compounds in coal extracts ,  and the detai led s t ructural  characterization o f  coal 
extracts  and coal liquefaction products. 

The research t h a t  has been carried out on the s t ructural  characterization of 
coal extracts  and coal hydrogenation products i s  of par t icular  in te res t .  A1 though 
the s t ructural  features of these products d i f f e r  in various degrees from those o f  
the parent coal, s t ructural  invest igat ions w i t h  such materials can be conducted 
with greater accuracy because t h e i r  so lubi l i ty  allows the application o f  a number 
of separation and analytical techniques that  cannot be used with coal. The s t ruc-  
tu ra l  characterization of these materials generally consis ts  of solvent and 
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Various aromatic and heterocyclic s t ructures  have been ident i -  

One of the 

they a l l  contain rela-  

The large amount of new structural  information t h a t  has been obtained i n  
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chromatographic f r a c t i o n a t i o n ,  f o l l owed  by u l t i m a t e  ana lys i s ,  h i g h - r e s o l u t i o n  
p r o t o n  and carbon-13 NMR spectrosocpy, mo lecu la r  weight, and phenol ic-OH measure- 
ments o f  t h e  f rac t i ons .  Two recen t  s t r u c t u r a l  s tud ies  o f  t h i s  t y p e  have been used 
f o r  t h e  d e r i v a t i o n  o f  model molecular  s t r u c t u r e s .  B a r t l e  e t  a l .  (lo) c a r r i e d  o u t  
t h e  s t r u c t u r a l  a n a l y s i s  o f  e x t r a c t s  obta ined f r o m  h i g h - v o l a t i l e  bituminous coal  by 
s u p e r c r i t i c a l - t o l u e n e  e x t r a c t i o n  a t  400 C. It was concluded t h a t  one of t he  
ex t rac ts ,  which represents  27% o f  t h e  coal ,  con ta ins  smal l  aromat ic  u n i t s  h e l d  
together  by methylene, heteroatom, and b iphenyl  l inkages.  
a v a i l a b l e  s i t e s  o f  t h e  aromat ic  ske le ton  a r e  occupied by a l k y l  and naphthenic 
groups. 
Solvent  Ref ined CoalProcess.  
f r a c t i o n s  ( " p o l a r  aromat ics")  c o n s i s t s  o f  a benzofuran r i n g  which has a phenyl and 
a naphthyl group as subs t i t uen ts .  
benzofuran, and condensed hydroaromatic r i n g s  i s  i nd i ca ted .  

The model coa l  molecule descr ibed i n  t h i s  paper i s  presented w i t h  t h e  f o l l o w -  
i n g  ob jec t i ves :  ( I )  t o  i n c o r p o r a t e  i n t o  t h e  model new s t r u c t u r a l  i n fo rma t ion  t h a t  
has become a v a i l a b l e  i n  r e c e n t  years,  (2 )  t o  d e r i v e  a d d i t i o n a l  i n p u t  da ta  f o r  t h e  
model molecule by means o f  a mathematical ana lys i s ,  and (3 )  t o  t e s t  t h e  model by 
comparing the exper imen ta l l y  observed behavior  o f  a h i g h - v o l a t i l e  bituminous coa l  
i n  a number o f  chemical r e a c t i o n s  w i t h  t h e  expected behavior  o f  t h e  model molecule 
i n  t h e  same react ions.  

Experimental I n p u t  Data 

nous coal was se lec ted  f o r  t h i s  s tudy because many bas i c  research data a r e  a v a i l a b l e  
i n  t h e  l i t e r a t u r e  f o r  coa ls  o f  t h i s  rank. 

I n p u t  data i nc luded  the  elemental composition; t he  a r o m a t i c i t y  o f  t h e  coal ,  the 
s t r u c t u r a l  f o r m u l a e o f t h e  aromat ic  cons t i t uen ts ,  and t h e  d i s t r i b u t i o n  o f  t h e  hetero-  
atoms among the  d i f f e r e n t  f u n c t i o n a l  groups. The elemental composit ion and t h e  gen- 
e r a l  formula o f  t h e  coal  a r e  shown i n  Table 1. The general formula was c a l c u l a t e d  
f o r  a u n i t  con ta in ing  100 carbon atoms, corresponding t o  a "molecular weight"  o f  
about 1450. 
t h i s  "molecule" i s  connected t o  o t h e r  p a r t s  o f  a l a r g e r  s t r u c t u r e  ( l inkages-P) .  

Approximatley 30% o f  t h e  

Farcas iu (12) i n v e s t i g a t e d  t h e  s t r u c t u r e  of  coa l  l i q u i d s  produced by t h e  
The proposed average s t r u c t u r e  o f  one of t he  major  

I n  o t h e r  f r a c t i o n s  t h e  presence o f  benzene, 

The composit ion o f  a v i t r a i n  concentrate from a t y p i c a l  h i g h - v o l a t i l e  b i t u m i -  

Th is  molecular  we igh t  i s ,  of  course, a r b i t r a r y ;  as i n d i c a t e d  i n  F igu re  1, 

TABLE 1 

USED I N  MODEL STRUCTURE STUDIES 
CHARACTERIZATION OF HIGH-VOLATILE BITUMINOUS COAL 

Elemental Composit ion 
(dmnf bas i s )  ( w t  %) (atom %) 

83.2 53.1 
5.5 42.0 
7.7 3.7 

N 1.1 0.6 

S ( w . 1  2.5 0.6 
To ta l  100.0 100.0 

General Formula (100 C bas i s ) :  

Carbon Aromat i c i t y :  fa = 0.70 

C100H790,NS 
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The value of the carbon aromaticity ( f a )  of coals of 82 to  83% C content has 
been measured by a number of d i f fe ren t  methods. 
f a  = 0.66 using infrared and high-resolution proton-NMR spectroscopic measurements 
made w i t h  a coal of 82.5% C content and w i t h  ex t rac ts  of the same coal. 
Heredy e t  a l .  (14,15), based on acid-catalyzed depolymerization of a high-volatile 
bituminous c o a l n r t h e  high-resolution proton-NMR spectra of the depolymerization 
products, gave f, = 0.65. 
extracts  using hlgh-resolution proton-mMR spectroscopy. 
sol id coal by Vanderhard and Retcofsky (2) using cross-polarization carbon-13 NMR 
spectroscopy gave f a  = 0.76. The average of these values ( fa  = 0.70) was used i n  
t h i s  work. 

Oryden (13) found a value of 

Work by 

Retcofsky (9 )  found fa  = 0.73 by investigating coal 
The investigation of a 

The aromatic s t ructures  used i n  the construction of the model molecule are  
shown i n  Figure 2. 
information. 
the aromatic part o f  tG st ruc ture  of high-volatile bituminous coal with C = 82.5% 
was less  than three. 
tha t  in the same type of coal the average number of condensed rings i n  the aromatic 
par t  o f  the  s t ructure  was about three. Naphthalene and phenanthrene were selected 
as specif ic  condensed aromatic s t ructures  for  use in the construction of the model 
molecule because these compounds were found frequently in coal ex t rac ts  (16).  
With regard t o  the select ion of spec i f ic  heterocyclic constituents, the findings 
of Kessler e t  a l .  (16) and Sternberg e t  a l .  (17) were used. 
t h a t  a sizeable f r a z i o n  of the organic s u l f u F i n  the coal is in benzothiophene- 
type s t ructures ,  and much of the  oxygen i s  in benzofuran- or dibenzofuran-type 
structures. 
aromatic s t ructures  i n  coal hydrogenation products. 

The following dis t r ibut ion was used f o r  the oxygen among the d i f fe ren t  
s t ructural  positions. Of the seven oxygen atoms in the model molecule, four were 
located i n  phenolic-OH groups on the basis of the work of Friedman e t  a l .  (18) .  
One oxygen atom was located in an aromatic e ther  linkage on the basis  of d a K  
published by Ignasiak and Gawlak (B), and one was located in a dibenzofuran 
s t ructure  a s  discussed before (16). 
cycl ic  a l iphat ic  e ther  s t ruc ture ,  

The f ive  constituent aromatic s t ructures  of the model molecule a re  inter-  
connected by f ive  bridges. 
mentioned in the previous paragraphs; the other four a r e  a l ipha t ic  hydrocarbon 
s t ructures .  

They were selected on the basis of the following experimental 
Oryden (13) estimated t h a t  the average number of condensed rings i n  

Retcofsky (z), a s  well a s  Heredy e t  a l .  (E,S), estimated 

I t  has been shown (16) 

Carbazole has been ident i f ied (c) a s  one of the nitrogen-containing 

I t  was assumed t h a t  one oxygen atom was i n  a 

One of the bridges i s  the aromatic e ther  linkage 

Mat hema ti ca 1 Analysis 

No independent experimental data were used t o  obtain the s t ructural  charac- 
t e r i s t i c s  of the nonaromatic par t  of the model molecule. 
derived from the general formula of the  model molecule and the s t ructural  formulae 
of the  aromatic constituents of the model molecule (Figure 2 )  u s i n g  a mathematical 
analysis. 
developing t h i s  analysis. 
detailed report. 

In essence, the analysis involves the construction of a matrix. The ver t ical  
columns l i s t  a se r ies  of aromatic H contents f o r  the aromatic par t  of the molecule 
(corresponding t o  d i f fe ren t  degrees of aromatic subs t i tu t ion) .  
l ines  l i s t  d i f fe ren t  types of a l i p h a t i c  and hydroaromatic subst i tuents  tha t  can be 
attached to the aromatic par t  of the model molecule (a l ipha t ic  chains, s ingle  cr 
condensed hydroaromatic rings - Figure 3) .  
content of the aromatic P a r t  of the model molecule and the s t ructural  configuration 
of t h e  nonaromatic par t  of the model molecule can be expressed in terms of the 

This information was 

A method applied by Whitehurst et  a l .  (20) was used a s  the basis for  
The complete analysis wTl be presented i n  a more 

The horizontal 

Both the  percentage of aromatic hydrogen 
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number of positions t h a t  can be subst i tuted i n  the aromatic and i n  the nonaromatic 
Parts of the model molecule, respectively. 
contents and a l ipha t ic  s t ruc tura l  types i n  the matrix, which can accept the same 
number of subst i tuents ,  ident i f ies  the percentage of aromatic hydrogen content of 
the model molecule a s  well a s  the a1 iphatic/hydroaromatic s t ructural  configuration. 

the i n p u t  data g iven  in Table 1 and Figures 2 and 3,  i t  i s  found that  the best 
match of aromatic and a l ipha t ic  subst i tut ions i s  obtained a t  an aromatic H content 
Of about 30%. Furthermore, the analysis  indicates  tha t  most o f  the  nonaromatic 
s t ructures  a re  composed o f  hydroaromatic rings of the types of Structures 4, 7, 
and 8 (Figure 3). 
these types were used to construct the nonaromatic par t  of the model molecule. 
The proposed s t ructure  of the model molecule i s  shown in Figure 1. The dis t r ibu-  
tion of carbon, hydrogen, and heteroatoms among d i f fe ren t  s t ructural  positions i n  
the model molecule i s  shown i n  Table 2. 

Matching those aromatic hydrogen 

When the procedure described i n  the previous paragraph i s  carried out  us ing  

On the basis of t h i s  analysis ,  hydroaromatic s t ructures  o f  

TABLE 2 
CHARACTERISTICS OF THE MODEL COAL MOLECULE 

Hydroaromatic Ring 
Other Alpha Phenolic 

Total Aromatic Alpha Beta A1 iphatic OH 
No. of 

Element Atoms No. % No. % No. % No. % No. % 

Hydrogen 79 23 29.1 2 1  26.6 20 25.3 11 13.9 4 5.1 
Carbon 100 70 70.0 13 13.0 12 12.0 5 5.0 - - 

Aromatic 
Ether Heterocyclic 

Phenolic 
OH 

No. % No. % No. % 

Oxygen 7 1 14.3 2 28.6 
1 100.0 Nitrogen 1 - -  
1 100.0 Sulfur 1 - -  

4 57.1 

- -  

Evaluation o f  Chemical Reactions 

I t  i s  of interest t o  compare the expected behavior of the model molecule in 
some of the chemical reactions which have been used t o  invest igate  bituminous coals 
with the experimentally observed behavior of high-volatile bituminous coals. 

are  i n  hydroaromatic s t ructures .  
evolve a s  hydrogen gas under the c a t a l y t i c  dehydrogenation conditions used by 
Reggel e t  a l .  (3). 
of 82.5 t o  84.0% C content was 23 t o  30 H atoms evolved per 100 carbon atoms. 

diamine was estimated by using experimental data obtained on the reduction of a 
variety o f  organic compounds by Reggel e t  a l .  (22). 
model molecule would take u p  24 H atoms. The experimentally obtained number for  
vi t ra in  concentrates of 82.5 t o  84.0% C contents was the addition of 21 t o  22 H 
atoms per 100 C atoms (g).  

A large fract ion of the  hydrogen atoms, 41 of the 79 i n  the model molecule, 

The experimentally obtained number f o r  v i t r a i n  concentrates 

Of these, 24 hydrogen atoms would be expected to  

The expected e f fec t  of reduction of the model molecule w i t h  lithium-ethylene- 

I t  was estimated tha t  the 
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The expected r e a c t i v i t y  o f  t h e  model molecule i n  phenol -BFj -cata lyzed depoly- 
The bonds on b o t h  s ides  o f  t h e  CH2-bridge would 

Furthermore, t h e  bond between t h e  

The y i e l d  o f  t h i s  depoly- 

mer i za t i on  can be eva lua ted  (a). 
break because they a r e  bonded t o  r e a c t i v e  aromat ic  s i t e s  on a phenanthrene and on 
a OH-activated phenanthrene r i n g ,  r e s p e c t i v e l y .  
OH-activated phenanthrene r i n g  and t h e  -CH2-CH-group o f  t h e  hydroaromatic r i n g  
would break. These i n t e r a c t i o n s  would re lease  and s o l u b i l i z e  t h e  phenanthro- 
thiophene-based fragment f rom t h e  r e s t  G f  t h e  molecule. 
mer i za t i on  product  nou ld  be 27%. Heredy e t  a l .  ob ta ined  a ne t  phenol -so lub le 
depolymerized product  y i e l d  o f  29% i n  a phenol-BF ca ta l yzed  depolymer izat ion 
experiment us ing  a coa l  o f  82.4% C content  (g,gjI 

The t reatment  o f  t h e  model molecule w i t h  a reagent  m i x t u r e  c o n s i s t i n g  o f  
t r i f l u o r o a c e t i c  ac id ,  hydrogen peroxide, and s u l f u r i c  a c i d  would g i v e  a m i x t u r e  o f  
ca rboxy l i c  ac ids  (11). The p r i n c i p a l  l ow  mo lecu la r  weight  products  would be 
a c e t i c  a c i d  and s u c i n i c  a c i d ,  formed i n  a r a t i o  o f  3 t o  8 on a hydrogen bas i s  
from t h e  c x i d a t i o n  o f  t h e  methy l  group and the  two -CH The ac tua l  
t e s t i n g  o f  h i g h - v o l a t i l e  b i tuminous c o a l s  by Deno e t  a?: (i) showed t h a t  these 
two ac ids  a r e  t h e  predominant products  w i t h  an a c e t i c  a c i d  t o  s u c c i n i c  a c i d  r a t i o  
o f  about  1 t o  3. 

nous coal  o f  83% C content ,  us ing  t h e  elemental composit ion, t h e  d i s t r i b u t i o n  o f  
heteroatoms among d i f f e r e n t  f u n c t i o n a l  groups, t h e  carbon a r o m a t i c i t y ,  and t h e  
formulae o f  t h e  c o n s t i t u e n t  aromat ic  s t r u c t u r e s  as i n p u t  data. 
method was used t o  c a l c u l a t e  t h e  va lue o f  t h e  hydrogen a r o m a t i c i t y  and t o  d e r i v e  
the  formulae o f  t h e  nonaromatic c o n s t i t u e n t s  o f  t h e  model s t r u c t u r e .  

of chemical reac t i ons  was compared wi th the  expected behavior  o f  t h e  model s t r u c t u r e  
i n  t h e  same reac t i ons .  The f o l l o w i n g  chemical r e a c t i o n s  o f  coal were examined: 
c a t a l y t i c  dehydrogenation i n  b o i l i n g  phenan th r id ine  us ing  pa l l ad ium c a t a l y s t ;  
reduc t i on  w i t h  l i th ium-ethy lenediamine;  ac id -ca ta l yzed  depo lymer i za t i on  us ing  
phenol-boron t r i f l u o r i d e  c a t a l y s t ;  and o x i d a t i o n  w i t h  a m i x t u r e  o f  t r i f l u o r o a c e t i c  
ac id ,  hydrogen peroxide, and s u l f u r i c  ac id .  Good agreement was found f o r  a l l  o f  
these reac t i ons  between t h e  exper imen ta l l y  ob ta ined  product  d i s t r i b u t i o n s  from 
v i t r a i n  and t h e  p roduc t  d i s t r i b u t i o n s  t h a t  would be expected under s i m i l a r  cond i t i ons  
from t h e  Kodel s t r u c t u r e .  

CH2 groups. 

I n  summary, a model chemical s t r u c t u r e  was d e r i v e d  f o r  a h i g h - v o l a t i l e  b i t u m i -  

A mathematical 

The exper imen ta l l y  observed behavior  o f  b i tuminous coal  v i t r a i n s  i n  a number 
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Figure 1. Proposed Structure  o f  the Model Coal Molecule 

GENERAL FORMULA OF AROMATIC PART: 
C,0H490NS 

Figure 2. Aromatic Constituents o f  the  Model Molecule 
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THE APPLICATION OF FOURIER TRANSFORM INFRARED SPECTROSCOPY 
TO THE CHARACTERIZATION OF COAL STRUCTURE 

Paul  C. P a i n t e r  and R. W. Snyder 

M a t e r i a l s  S c i e n c e  and Engineer ing  Department 
S t e i d l e  Bui ld ing  

The Pennsylvania  S t a t e  U n i v e r s i t y  
U n i v e r s i t y  Park ,  PA 16802 

INTRODUCTION 

I n f r a r e d  spec t roscopy is an i m p o r t a n t  and wide ly  used a n a l y t i c a l  t o o l  f o r  d e t e r -  
Most of  t h e  fundamental work on apply ing  mining t h e  s t r u c t u r e  of o r g a n i c  materials. 

t h i s  technique t o  c o a l  c h a r a c t e r i z a t i o n  was performed i n  t h e  1950's 2nd 1960's and 
h a s  been reviewed i n  a number of art icles (1-4). 
major problems. F i r s t ,  c o a l  absorbs  s t r o n g l y  i n  t h e  i n f r a r e d  so t h a t  i n  convent iona l  
d i s p e r s i v e  ins t ruments  on ly  a weak s i g n a l  reaches t h e  d e t e c t o r ,  producing r e l a t i v e l y  
poor s p e c t r a .  Second, t h e  o v e r l a p  and s u p e r p o s i t i o n  of  t h e  a b s o r p t i o n  bands of such 
complex multicomponent systems r e s u l t  i n  s p e c t r a  c o n s i s t i n g  of  broad f e a t u r e s  wi th  
l i t t l e  f i n e  s t r u c t u r e ,  s o  t h a t  on ly  a g e n e r a l ,  mainly q u a l i t a t i v e ,  i d e n t i f i c a t i o n  of 
a few f u n c t i o n a l  groups has  so f a r  been p o s s i b l e .  

These s t u d i e s  were l i m i t e d  by two 

The i n t r o d u c t i o n  of computer ized F o u r i e r  t ransform i n f r a r e d  spec t rometers  opens 
up new p o s s i b i l i t i e s  f o r  t h e  s p e c t r o s c o p i c  c h a r a c t e r i z a t i o n  of c o a l  and c o a l  der ived  
l i q u i d s .  There a r e  s e v e r a l  advantages of  FTIR compared t o  d i s p e r s i v e  ins t ruments ,  
d i s c u s s e d  i n  d e t a i l  i n  a number of  reviews (5-7). E s s e n t i a l l y ,  t h e  u s e  of  an i n t e r -  
fe rometer  r a t h e r  t h a n  a system of g r a t i n g s  and slits r e s u l t s  i n  a h i g h e r  energy 
throughput  to  t h e  d e t e c t o r .  T h i s ,  coupled w i t h  t h e  a b i l i t y  of such i n t e r n a l l y  
c a l i b r a t e d  computer ized systems t o  co-add a l a r g e  number of i n t e r f e r o g r a m s ,  r e s u l t s  
i n  markedly s u p e r i o r  s p e c t r a ,  p a r t i c u l a r l y  i n  t h e  energy l i m i t i n g  s i t u a t i o n s  encount- 
e r e d  i n  coa l  s t u d i e s .  The r e s u l t i n g  m u l t i p l e x e d  spectrum can then be  scale-expanded 
by t h e  computer t o  d i s p l a y  s u b t l e  f e a t u r e s  wi thout  undue i n t e r f e r e n c e  from back- 
ground noise .  However, i n  c o a l  s t u d i e s  i t  h a s  been our  exper ience  t h a t  t h e  most 
s i g n i f i c a n t  r e s u l t s  can be  o b t a i n e d  by apply ing  t h e  types of computer r o u t i n e s  t h a t  
have  r e c e n t l y  become a s s o c i a t e d  w i t h  FTIR, p a r t i c u l a r l y  s p e c t r a l  s u b t r a c t i o n  and 
least  squares  curve  f i t t i n g .  I n  f a c t ,  t h e  f i r s t  a p p l i c a t i o n  of FTIR t o  t h e  charac- 
t e r i z a t i o c  o f  c o a l  i n  t h i s  l a b o r a t o r y  depended more on such computer manipulat ions 
than  on the  enhanced s e n s i t i v i t y  of t h e s e  ins t ruments .  Methods f o r  t h e  complete 
a n a l y s i s  of t h e  major m i n e r a l  components p r e s e n t  i n  c o a l  have been developed (8-11). 
We have a l s o  appl ied  FTIR to a number o f  problems concerning t h e  o r g a n i c  s t r u c t u r e  
o f  c o a l ,  inc luding  s t u d i e s  o f  s o l v e n t  r e f i n e d  c o a l  (12) and t h e  changes t h a t  occur 
upon c a r b o n i z a t i o n  (13) and o x i d a t i o n  (14 , lS) .  In  t h i s  communication w e  w i l l  i n i t i a l l y  
d i s c u s s  t h e  a p p l i c a t i o n  of r e c e n t l y  in t roduced  FTIR computer r o u t i n e s  t o  t h e  quant i -  
t a t i v e  de te rmina t ion  of s p e c i e s  p r e s e n t  i n  c o a l ,  b o t h  i n o r g a n i c  and organic .  
then  conclude by c o n s i d e r i n g  t h e  u t i l i t y  of t h e s e  methods i n  de te rmining  v a r i a t i o n s  
i n  s t r u c t u r e  as  a f u n c t i o n  o f  p o s i t i o n  i n  a seam. 

We w i l l  

RECENT DEVELOPMENTS I N  THE ANALYSIS OF MINERAL MATTER I N  COAL BY FTIR 

Recent  work i n  t h i s  l a b o r a t o r y  has  demonstrated t h a t  FTIR o f f e r s  c o n s i d e r a b l e  
p o t e n t i a l  f o r  q u a n t i t a t i v e l y  de te rmining  t h e  major  minera l  components p r e s e n t  i n  coa l  
or, more p r e c i s e l y ,  p r e s e n t  i n  t h e  low temperature  a s h  (LTA)(8-11). 

E s s e n t i a l l y ,  t h e  procedure c o n s i s t s  of t h e  s u c c e s s i v e  s u b t r a c t i o n  of :he s p e c t r a  
o f  minera l  "s tandards"  from t h e  spectrum of t h e  LTA. A s  t h e  bands o f  t h e  most pre- 
v a l e n t  o r  most h i g h l y  absorb ing  m i n e r a l s  are removed, those  of t h e  weakly absorbing 
or less preva len t  components a r e  r e v e a l e d ,  a l lowing  a more complete and a c c u r a t e  
a n a l y s i s .  It was found t h a t  a l l  major  coxponents ( those  c o n s t i t u t i n g  a t  least 
3-4% by weight)  could b e  de te rmined ,  p r o v i d i n g  t h a t  a p p r o p r i a t e  minera l  "s tandards"  
are a v a i l a b l e .  
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Despi te  t h e  obvious p o t e n t i a l  and advantages o f  t h e  FTIR method, t h e r e  a r e  s t i l l  

This  problem is p a r t i c u l a r l y  a c u t e  i n  t h e  a n a l y s i s  of c l a y s ,  b u t  n o t  one 
major problems. 
s tandards .  
unique t o  FTIR s i n c e  o t h e r  methods a l s o  r e l y  on s t a n d a r d s  f o r  c a l i b r a t i o n  of band and 
l i n e  i n t e n s i t i e s .  
is t h e  compilat ion of an e x t e n s i v e  minera l  l i b r a r y ,  because  s p e c t r a  of t h e s e  m a t e r i a l s  
can be  r o u t i n e l y  and convenient ly  s t o r e d  on d i s k  o r  magnet ic  t a p e  and r e c a l l e d  a t  any 
f u t u r e  t i m e .  
apparent  t h a t  w e  have i n  some r e s p e c t s  s u b s t i t u t e d  one  problem f o r  another .  How do 
w e  choose t h e  "cor rec t"  OK most a p p r o p r i a t e  s t a n d a r d  f o r  a p a r t i c u l a r  a n a l y s i s ?  
example, w e  have k a o l i n i t e  samples from d i f f e r e n t  geographic  l o c a l i t i e s  t h a t  d i f f e r  
s u b t l y  i n  t h e i r  s p e c t r a  accord ing  t o  parameters  such as degree of c r y s t a l l i n i t y .  
F i n a l l y ,  even i f  by l u c k  o r  judgement w e  choose an a p p r o p r i a t e  minera l  spectrum f o r  
a P a r t i c u l a r  a n a l y s i s ,  t h e  accuracy of t h e  FTIR method i s  l i m i t e d  by t h e  e s s e n t i a l l y  
s u b j e c t i v e  judgement of  when bands have been e x a c t l y  s u b t r a c t e d  from a spectrum. 
Such e r r o r s  a r e  n o t  l a r g e  f o r  major components having  s t r o n g  w e l l  r eso lved  bands,  
b u t  can become c r i t i c a l  i n  de te rmining  low c o n c e n t r a t i o n s  o f  c e r t a i n  s p e c i e s .  We 
b e l i e v e  t h a t  the  a p p l i c a t i o n  of l e a s t  s q u a r e s  curve f i t t i n g  programs, f i r s t  descr ibed  
by Koenig and co-workers (16), o f f e r  a t  l e a s t  a p a r t i a l  s o l u t i o n .  

Perhaps t h e  most c r i t i c a l  of  t h e s e  i s  t h e  a v a i l a b i l i t y  of  s u i t a b l e  

One s o l u t i o n  t o  t h i s  problem t h a t  i s  p a r t i c u l a r l y  s u i t e d  t o  FTIR 

We are i n  t h e  process  of  b u i l d i n g  such a l i b r a r y ,  b u t  i t  is a l r e a d y  

For  

The u t i l i t y  of t h e  method is b e s t  i l l u s t r a t e d  by a s imple  example. F i g u r e  1 
compares t h e  FTZR s p e c t r a  of t h r e e  i n d i v i d u a l  c lays .  Also inc luded  i s  t h e  spectrum 
of  a mixture  of t h e s e  t h r e e  c l a y s ,  which (as noted above)  i s  ext remely  d i f f i c u l t  t o  
q u a n t i t a t i v e l y  ana lyze  by o t h e r  methods. The least s q u a r e s  program w a s  then  asked 
t o  f i t  t h e  s p e c t r a  of seven s t a n d a r d s  t o  t h e  spectrum of t h e  mixture .  We d e l i b e r -  
a t e l y  inc luded  s p e c t r a  of  minera l  s t a n d a r d s  t h a t  w e  knew were n o t  conta ined  i n  t h e  
s n y t h e t i c  mixture  i n  o r d e r  t o  test t h e  u t i l i t y  and accuracy  of t h e  procedure.  The 
r e s u l t s  a r e  shown i n  Table  1 and t h e  r e s u l t i n g  "composite" spectrum is  compared t o  
t h a t  of t h e  o r i g i n a l  mix ture  i n  F i g u r e  2. The composi te  spectrum w a s  c o n s t r u c t e d  by 
adding t h e  s p e c t r a  of t h e  components weighted accord ing  t o  t h e  parameters  determined 
i n  t h e  l e a s t  squares  a n a l y s i s .  Not on ly  d i d  t h e  program p i c k  t h e  c o r r e c t  c l a y s  i n  
s p i t e  of  t h e  s imilar i ty  i n  t h e i r  s p e c t r a ,  b u t  a l s o  w a s  a b l e  t o  d i s t i n g u i s h  between 
two k a o l i n i t e s  from d i f f e r e n t  o r i g i n s .  This  l a t t e r  r e s u l t  was somewhat of  a sur -  
p r i s e  because t h e  s p e c t r a  of t h e  two k a o l i n i t e s  are ext remely  s i m i l a r ,  as can be  s e e n  
from Figure  3 ,  d i f f e r i n g  only s l i g h t l y  i n  t h e  r e l a t i v e  i n t e n s i t i e s  of one o r  two 
bands. 
t h e  program a l s o  gave d i r e c t l y  a q u a n t i t a t i v e  measure of t h e  c l a y s  p r e s e n t  t h a t  i s  
i n  very good agreement w i t h  t h e  weighed q u a n t i t i e s .  (This  d i r e c t  measure w a s  pos- 
s i b l e  because w e  normalized a l l  s p e c t r a  by d i v i d i n g  them by a number e q u a l  t o  t h e  
weight of material i n  t h e  KBr p e l l e t . )  The a n a l y s i s  can  b e  improved by then  reject- 
i n g  a l l  components w i t h  minor and n e g a t i v e  c o n t r i b u t i o n s  t o  t h e  f i t .  C l e a r l y ,  i f  w e  
a r e  examining a low temperature  a s h  w e  would then  have t o  check t h a t  w e  were n o t  
e l i m i n a t i n g  a t r u e  minor component by s u b t r a c t i n g  t h e  spectrum of  t h e  major components 
from t h a t  of t h e  a s h  (us ing  t h e  s u b t r a c t i o n  parameters  a l s o  determined by t h e  least  
squares  f i t  program). 

In a d d i t i o n  t o  quick ly  and convenient ly  "picking" t h e  r i g h t  components, 

In apply ing  t h i s  technique t o  t h e  a n a l y s i s  of  an LTA w e  use t h e  least s q u a r e s  
c u r v e - f i t t i n g  procedure t o  f i r s t  p ick  t h e  "best"  s t a n d a r d s  from a given set. As i n  
t h e  a n a l y s i s  of t h e  s imple  mixtures  w e  can t h e n  reject t h o s e  minera l  s p e c t r a  t h a t  
have negat ive  s u b t r a c t i o n  c o e f f i c i e n t s  (but  n o t  n e c e s s a r i l y  those  w i t h  t h e  small 
p o s i t i v e  c o n t r i b u t i o n s )  and r e p e a t  t h e  f i t .  The l e a s t  squares  c o e f f i c i e n t s ,  
(corresponding t o  t h e  s u b t r a c t i o n  parameters )  determined by t h i s  f i n a l  a n a l y s i s  a r e  
then  a q u a n t i t a t i v e  measure of t h e  c o n t r i b u t i o n  o f  each minera l .  F i n a l l y ,  a check 
on t h e  accuracy of  t h e  r e s u l t s  can be obta ined  by s e q u e n t i a l l y  s u b t r a c t i n g  t h e  spec- 
trum of each component. This  ensures  t h a t  minor components have n o t  been inadver-  
t e n t l y  ignored.  

Although t h i s  procedure sounds t e d i o u s ,  t h e s e  t a s k s  a r e  i n  f a c t  performed rou- 
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t i n e l y  and quick ly  by t h e  FTIR mini-computer. A s  an example w e  w i l l  cons ider  t h e  
r e s u l t s  of t h e  a n a l y s i s  of t h e  LTA of an I l l i n o i s  C6 c o a l ,  as presented  i n  Table 2 .  
The percentage  weight  f r a c t i o n  f i g u r e s  were taken d i r e c t l y  from t h e  s o l u t i o n  v e c t o r .  
Two c l a y s  were determined t o  have a n e g a t i v e  c o n t r i b u t i o n ,  one of them t o  our  i n i -  
t i a l  s u r p r i s e  w a s  t h e  I l l i n o i s  k a o l i n i t e .  Our preconcept ions  were t h a t  a n  I l l i n o i s  
k a o l i n i t e  would be  t h e  b e s t  s t a n d a r d s  f o r  a n  a n a l y s i s  of an I l l i n o i s  coa l .  However, 
t h e  fundamental d i f f e r e n c e  i n  t h e s e  two s t a n d a r d s  i s  probably t h e  degree  of  c r y s t a l -  
l i n i t y  (11). Consequent ly ,  t h e  k a o l i n i t e  i n  t h i s  sample appears  t o  have a degree  of 
c y r s t a l l i n i t y  t h a t  is b e t t e r  approximated b y  the  Georgia  k a o l i n i t e .  The least squares  
f i t  w a s  repea ted  a f t e r  t h e  removal of  t h e  I l l i n o i s  k a o l i n i t e  and i l l i t e  s p e c t r a  from 
t h e  ref inement .  These r e s u l t s  are a l s o  p r e s e n t e d  i n  Table  2 where they  are compared 
t o  t h e  r e s u l t s  taken from t r a d i t i o n a l  i n f r a r e d  and x-ray methods. It can be  s e e n  
t h a t  t h e r e  is good agreement f o r  t h o s e  m i n e r a l s  determined by both  techniques.  How- 
e v e r ,  t r a d i t i o n a l  procedures  were not  capable  of a c c u r a t e l y  de te rmining  c l a y s ,  whereas 
t h e  FTIR method does provide  what appears  t o  b e  a r e a s o n a b l e  a n a l y s i s  of t h e s e  mate- 
rials. 

We d i d  not  de te rmine  p y r i t e  by FTIR because t h i s  minera l  does n o t  have absorp t ion  
bands i n  the s p e c t r a l  range (1500-500 cm-l) used i n  t h i s  s tudy .  
r o u t i n e l y  determined by FTIR techniques  i n  t h e  f a r  i n f r a r e d  reg ion  (8). Never the less ,  
t h e  amount of material unaccounted f o r  b y  t h e  FTIR a n a l y s i s  is of t h e  same o r d e r  of 
magnitude as t h e  c o n c e n t r a t i o n  of  p y r i t e  determined by x-ray d i f f r a c t i o n ,  s t r o n g l y  
s u g g e s t i n g  t h a t  by ex tending  t h e  s p e c t r a l  range  of t h e  a n a l y s i s  a complete determin- 
a t i o n  o f  the major minera l  components of  th is  c o a l  is p o s s i b l e .  We b e l i e v e  t h e  po- 
t e n t i a l  of t h i s  and o t h e r  programs ( f a c t o r  a n a l y s i s ,  e t c . )  f o r  s o l v i n g  t h e  problems 
p r e s e n t e d  by t h e  d e t e r m i n a t i o n  of m i n e r a l  m a t t e r  i n  c o a l  are only now b e i n g  r e a l i z e d ,  
b u t  i t  is apparent  t h a t  a good a n a l y s i s  of a l l  major  components can a l r e a d y  be  per- 
formed using FTIR. 

THE QUANTITATIVE DETERMINATION OF HYDROXYL FUNCTIONAL GROUPS I N  COAL 

This  minera l  can be  

We are i n  t h e  process  of deve loping  techniques  t o  q u a n t i t a t i v e l y  determine func- 
t i o n a l  groups p r e s e n t  i n  c o a l .  A s  an example w e  w i l l  c o n s i d e r  t h e  de te rmina t ion  of  
-OH groups. The 0-H s t r e t c h i n g  mode appears  near  3400 cm-' i n  t h e  s p e c t r a  of coa l .  
However, d i r e c t  measurements o f t h e  i n t e n s i t y  of t h i s  band cannot b e  used t o  determine 
such groups. A major problem is t h a t  t h e  a l k a l i  h a l i d e s  used i n  sample p r e p a r a t i o n  
absorb water ,  which absorbs  s t r o n g l y  i n  t h i s  s p e c t r a l  range.  
water appear  t o  be i n  a bound s ta te  s i n c e  i t  has  been r e p o r t e d  t h a t  h e a t i n g  t o  about  
300'C is requi red  f o r  complete removal. 
water  i n  amounts t h a t  appear  t o  vary  accord ing  t o  rank  and o t h e r  parameters .  Fin- 
a l l y ,  t h e  success  of apply ing  s p e c t r a l  s u b t r a c t i o n  and o t h e r  procedures  a s s o c i a t e d  
w i t h  FTIR l e a d s  us t o  b e l i e v e  t h a t  t h e  b e s t  method f o r  de te rmining  f u n c t i o n a l  groups,  
p a r t i c u l a r l y  t h o s e  c o n t a i n i n g  oxygen, w i l l  prove t o  be a combination of chemical  
and FTIR procedures .  For example, t h e  i n f r a r e d  spectrum of  a c o a l  from Arizona is 
compared to  t h e  spectrum of t h e  same sample subsequent  t o  a c e t y l a t i o n  i n  F igure  4. 
Bands due t o  acetyl groups are c l e a r l y  v i s i b l e  b u t  i t  would be  a d i f f i c u l t  t a s k  t o  
use  t h e s e  bands t o  de te rmine  t h e  number of a c e t y l  groups in t roduced  and hence t h e  
number of 0-H groups t h a t  have  been r e a c t e d .  Although s u i t a b l e  model compounds a r e  
a v a i l a b l e  t o  o b t a i n  t h e  e x t i n c t i o n  c o e f f i c i e n t s  of t h e  c h a r a c t e r i s t i c  C=O,  CH 
C-0 bands n e a r  1765, 1370 and 1200 cm-1 r e s p e c t i v e l y ,  t h e r e  i s  a major  problem i n  
measuring t h e  i n t e n s i t y  of  t h e s e  bands us ing  t r a d i t i o n a l  i n f r a r e d  methods because of 
o v e r l a p  with t h e  a b s o r p t i o n  bands of t h e  coa l .  However, wi th  FTIR w e  can  s u b t r a c t  
t h e  spectrum of  t h e  unreac ted  material from t h a t  of the  r e a c t e d  t o  g i v e  t h e  d i f f e r e n c e  
spectrum a l s o  shown i n  F igure  4. 
a r e  now r e l a t i v e l y  w e l l  r e s o l v e d  and it is a s t r a i g h t f o r w a r d  task  t o  draw an appro- 
p r i a t e  b a s e l i n e  and measure peak h e i g h t s  o r  even make i n t e g r a t e d  absorp t ion  measure- 
ments. A p l o t  of peak h e i g h t s  vs .  c o n c e n t r a t i o n  of c o a l  i n  t h e  KEir p e l l e t  i s  shown 
i n  F i g u r e  5 .  The s l o p e  of t h e s e  l i n e s  i s e q u a l  t o  t h e  e x t i n c t i o n  c o e f f i c i e n t  of t h e  

Some of t h e  absorbed 

Furthermore,  c o a l s  a l s o  c o n t a i n  absorbed 

and 3 

It can b e  seen  t h a t  t h e  c h a r a c t e r i s t i c  a c e t y l  bands 



a c e t y l  absorp t ion  under c o n s i d e r a t i o n  m u l t i p l i e d  by t h e  c o n c e n t r a t i o n  of such  groups 
i n  t h e  coa l .  
techniques.  
s tudy  i n  de te rmining  t h e  c o n c e n t r a t i o n  OH groups i n  o t h e r  c o a l s .  

This  lat ter parameter  has  been determined by measurements u s i n g  o t h e r  
Consequent ly ,  t h i s  c a l i b r a t i o n  a l lows  us t o  u s e  t h e  r e s u l t s  of t h i s  

Acety la t ion  u s u a l l y  only'allows a de termina t ion  of t o t a l  OH c o n t e n t  and does n o t  
a l low a d i s c r i m i n a t i o n  between phenol ic  and a l k y l  OH groups. 
these  two types  of f u n c t i o n a l  groups can b e  d i s t i n g u i s h e d .  
groups l e a d s  t o  ester format ion;  

However, u s i n g  FTIR 
A c e t y l a t i o n  of coa l  OH 

e 
COAL - OH + CH3COOH + COAL - 0 - C - CH3 

Alkyl  esters normally absorb  between 1720 and 1740 cm-'. However, when an 
e l e c t r o n  withdrawing group such  as an a romat ic  e n t i t y  is a t t a c h e d  t o ' t h e  s i n g l e  bonded 
oxygen t h i s  band is s h i f t e d  t o  about  1770 c m - l .  
i n  t h e  d i f f e r e n c e  spectrum shown i n  F igure  4 can t h e r e f o r e  b e  ass igned  t o  a c e t y l  
groups t h a t  have r e a c t e d  wi th  p h e n o l i c  OH, whi le  t h e  weaker s h o u l d e r  near  1 7 2 5  cm-l 
can be  ass igned  t o  a c e t y l  groups t h a t  have r e a c t e d  w i t h  a l k y l  OH groups.  
s e n t l y  i n v e s t i g a t i n g  t h e  u s e  of  least s q u a r e s  curve  r e s o l v i n g  techniques  i n  o r d e r  to  
o b t a i n  a measure of t h e  r e l a t i v e  p r o p o r t i o n s  of  t h e s e  groups ,  b u t  t h e  p o t e n t i a l  f o r  
making such measurements i s  c l e a r l y  outs tanding .  

The s t r o n g  a b s o r p t i o n  n e a r  1765 cm-l 

We a r e  pre-  

VARIATIONS ON A SEAM 

The v a r i a t i o n  i n  c o a l  composi t ion accord ing  t o  p o s i t i o n  i n  a seam is a problem 
n o t  on ly  i n  t h e  use of t h i s  f u e l  i n  conversion processes  b u t  a l s o  i n  fundamental 
r e s e a r c h  aimed a t  t h e  e l u c i d a t i o n  of s t r u c t u r e .  FTIR i s  p a r t i c u l a r l y  s e n s i t i v e  t o  
small d i f f e r e n c e s  i n  m a t e r i a l s  through t h e  use of s p e c t r a l  s u b t r a c t i o n  and o t h e r  
computer r o u t i n e s .  We have r e c e n t l y  examined channel  samples a long  an e x p l o r a t i o n  
a d i t  through a Canadian coking c o a l  (14). It w a s  determined t h a t  samples from t h e  
mouth and end of t h e  a d i t  showed e x t e n s i v e  o x i d a t i o n ,  as measured by f r e e  s w e l l i n g  
index ,  whi le  samples from n e a r  t h e  c e n t e r  showed lower degrees  of o x i d a t i o n  and s t i l l  
had good coking p r o p e r t i e s .  
are shown i n  F igure  6. The s p e c t r a  are s i m i l a r  an t h e  only  d i s c e r n a b l e  d i f f e r e n c e  
involves  the  i n t e n s i t y  o f  a shoulder  n e a r  1690 cm- , which h a s  a minimum n e a r  t h e  
c e n t e r  of  t h e  seam. W e  s u b t r a c t e d  t h e  spectrum of a sample from t h e  c e n t e r  of t h e  
a d i t  (70 f t )  from t h e  s p e c t r a  of samples n e a r  t h e  extremities i n  o r d e r  t o  d e t e c t  i n  
more d e t a i l  t h e  chemical  d i f f e r e n c e s .  S c a l e  expanded d i f f e r e n c e  s p e c t r a  obta ined  by 
s u b t r a c t i n g  t h e  spectrum of t h e  70 f t  s t a t i o n  from t h a t  of t h e  30 f t  and 40 f t  s t a t i o n s  
and t h e  110 f t  and 125 f t  s t a t i o n s  are shown i n  F igure  7. These s t a t i o n s  r e p r e s e n t  
t h e  c e n t e r ,  mouth and end of t h e  a d i t  r e s p e c t i v e l y .  It is apparent  t h a t  t h e r e  are 
f o u r  prominent bands i n  t h e  1500 and 1800 cm-l  r e g i o n  of  t h e  spectrum. 
ments are l i s t e d  i n  Table  3. Perhaps t h e  most s u r p r i s i n g  i s  t h e  presence  of  a s t r o n g  
band n e a r  1585 cm-l c h a r a c t e r i s t i c  of a COO- group. 

The i n f r a r e d  s p e c t r a  o f  s e v e r a l  s t a t i o n s  a long  t h e  a d i t  

1 .  

Band ass ign-  

These r e s u l t s  suggested t h a t  carbonyl  and carboxyl  groups were t h e  major products  
of o x i d a t i o n  and t h e  p r i n c i p a l  d i f f e r e n c e  i n  t h e s e  samples ,  accord ing  t o  p o s i t i o n  i n  
t h e  seam. This  i n t e r p r e t a t i o n  is i n  disagreement  w i t h  o t h e r  o x i d a t i o n  s t u d i e s  which 
have r e l i e d  on chemical  methods t o  de te rmine  groups formed upon o x i d a t i o n .  However, 
t h e s e  l a t t e r  s t u d i e s  have u s u a l l y  involved  o x i d a t i o n  of a sample under l a b o r a t o r y  
condi t ions .  There is t h e  p o s s i b i l i t y  t h a t  t h e  C=O groups d e t e c t e d  i n  t h i s  FTIR s t u d y  
were due t o  some s o r t  of n a t u r a l  v a r i a b i l i t y .  Consequent ly ,  w e  a p p l i e d  FTIR t o  t h e  
c h a r a c t e r i z a t i o n  o f  c o a l  ox id ized  i n  t h e  l a b o r a t o r y .  The i n f r a r e d  spectrum of  an unoxi- 
d ized  c o a l  is compared t o  t h e  spectrum of t h e  same sample oxid ized  f o r  a s h o r t  t i m e  a t  
e l e v a t e d  temperature  (about  150°C) i n  F igure  8. It can  be  s e e n  t h a t  t h e  major d i f f e r -  
ence i n  t h e  two s p e c t r a  i s  t h e  appearance of a shoulder  n e a r  1695 cm-l i n  t h e  spectrum of 
t h e  oxidized sample. F igure  8 a l s o  shows t h e  d i f f e r e n c e  spectrum obta ined  by s u b t r a c t i n g  
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t h e  spectrum of t h e  unoxidized sample from t h a t  of t h e  ox id ized .  The c r i t e r i a  used 
t o  determine t h e  "co r rec t "  degree of s u b t r a c t i o n  was t h e  e l i m i n a t i o n  of t h e  k a o l i n i t e  
bands a t  1035 and 1010 cm-l, s i n c e  t h i s  c l a y  should be r e l a t i v e l y  una f fec t ed  by low- 
t empera tu re  oxida t ion .  It can b e  seen t h a t  t h i s  s u b t r a c t i o n  r e s u l t s  i n  t h e  el imina-  
t i o n  of t h e  a romat i c  C-H s t r e t c h i n g  mode nea r  3050 cm-l and t h e  a romat i c  C-H out-of- 
p l ane  bending mode between 700 and 900 cm-'. 
o x i d a t i v e  a t t a c k  of t h e  a romat i c  n u c l e i  is u n l i k e l y  under t h e  o x i d a t i o n  cond i t ions  
used i n  this s t u d y  and confirms t h e  c h o i c e  of k a o l i n i t e  bands as a s u b t r a c t i o n  
s tandard .  

This is t o  be expected i n  t h a t  d i r e c t  

In c o n t r a s t  t o  t h e  a romat i c  C-H b a n d s ,  t h e  a l i p h a t i c  C-H s t r e t c h i n g  modes nea r  
2900 cm-l appear n e g a t i v e ,  o r  below t h e  b a s e l i n e ,  demonstrat ing a l o s s  i n  CH2 groups 
upon oxida t ion .  This o b s e r v a t i o n  is  n o t  p a r t i c u l a r l y  nove l ,  a s  methylene groups i n  
t h e  benzy l i c  p o s i t i o n  a r e  we l l  known t o  be  s e n s i t i v e  t o  ox ida t ion  and a r e  probably 
t h e  i n i t i a l  s i t e  of o x i d a t i v e  a t t a c k .  However, the  d i f f e r e n c e  spectrum r e v e a l s  new 
d e t a i l  i n  the 1700 t o  1500 cm-I r eg ion  of the  spectrum. The 1695 cm-l band, which 
appeared as a weak shou lde r  i n  t h e  o r i g i n a l  spectrum of t h e  ox id ized  c o a l ,  f" now re- 
so lved  as  a s e p a r a t e  band. Furthermore,  a prominent new band nea r  1575 cm- i s  now 
r evea led  i n  t h e  d i f f e r e n c e  spectrum. T h i s  band is not  d e t e c t a b l e  i n  t h e  o r i g i n a l  
spectrum. The 1695 cm-l abso rp t ion  is probably due t o  an a r y l  a l k y l  ketone wh i l e  
t h e  1575 cm-l mode can b e  a s s igned  t o  a n  ion ized  carboxyl  group COO-. 
t h i s  i n i t i a l  s t a g e  of t h e  o x i d a t i o n  t h e s e  bands r ep resen t  t h e  major p roduc t s  of 
o x i d a t i o n .  
ence spectrum could p o s s i b l e  be  due t o  C-0 bonds,  a s  i n  phenols  o r  e t h e r s ,  b u t  we 
wculd be hard p re s sed  t o  i d e n t i f y  any s e p a r a t e l y  r e so lved  bands a s s i g n a b l e  t o  func- 
t i o n a l  g r o u p s  of t h i s  type. N e v e r t h e l e s s ,  bands t h a t  can be  a s s igned  t o  such groups 
do appea r  a t  h i g h e r  l e v e l s  of o x i d a t i o n .  
spectrum of a c o a l  sample,' ox id i zed  t o  g ive  6 .  7% oxygen uptake ,  to t h e  spectrum of 
the  unoxidized sample. The d i f f e r e n c e  spectrum, ob ta ined  us ing  t h e  same s u b t r a c t i o n  
c r i t e r i a  desc r ibed  above, i s  a l s o  shown i n  t h i s  f i g u r e .  A prominent d i f f e r e n c e  band 
can now be  observed n e a r  1200 CUI-1 bands.  
can now be reso lved .  This  band can be  a s s i g n e d  t o  an e s t e r  ( s e e  T a b l e  3 ) .  

C l e a r l y ,  a t  

Weak, broad r e s i d u a l  abso rp t ion  between 1200 and 1300 cm-l in t h e  d i f f e r -  

For example, F igu re  9 compares . t he  i n f r a r e d  

In a d d i t i o n ,  a weak shou lde r  n e a r  1765 cm-1 

These s p e c t r a l  changes c l o s e l y  p a r a l l e l  t hose  observed i n  a p rev ious  s t u d y  of the  
v a r i a t i o n  i n  o x i d a t i o n  of c o a l  acco rd ing  t o  p o s i t i o n  i n  a seam, d i scussed  above. 
Consequently,  t h e  formation of  ca rbony l  and carboxyl  groups i s  appa ren t ly  a g e n e r a l  
phenomenon d u r i n g  oxida t ion .  This conclusion c o n t r a d i c t s  t h e  r e s u l t s  of some chemical 
methods Of c h a r a c t e r i z i n g  o x i d a t i o n  p r o d u c t s ,  where no change i n  carboxyl  o r  carbonyl  
conten t  was d e t e c t e d  and i t  was proposed t h a t  e t h e r  c r o s s  l i n k s  a r e  c e n t r a l  t o  l o s s  
of swe l l ing  behav io r .  

CONCLUSIONS 

The r e s u l t s  reviewed above c l e a r l y  demonstrate  t h e  p o t e n t i a l  of FTIR f o r  i n v e s t i -  
g a t i n g  coa l  s t r u c t u r e .  
t r a l  s u b t r a c t i o n  methods i t  i s  p o s s i b l e  t o  q u a n t i t a t i v e l y  determine t h e  major  mine ra l  
s p e c i e s  present  i n  a c o a l .  
o r g a n i c  s t r u c t u r e .  
hydroxyl  f u n c t i o n a l  groups and t h e  formation of carbonyl  and carboxyl  groups during 
oxida t  ion.  

By app ly ing  a l e a s t  squa res  curve f i t t i n g  program and spec- 

These methods are a l s o  a s e n s i t i v e  probe of changes i n  
We have i l l u s t r a t e d  t h e i r  a p p l i c a t i o n  t o  t h e  de t e rmina t ion  of  
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TABLE 1 

ANALYSIS OF XIYERAL MIXTURE BY LEAST SQUARES FTIR. 

Mineral 

Kaol ini te  ( I l l i n o i s )  

Kaol ini te  (Georgia) 

I l l i te 

Montmorillonite 

Mica/Montnorillonite 

Quartz 

Calcite 

W t .  
Fract ion As 
Prepared (%) 

50 

0 

0 

25 

25 

0 

0 

I n i t i a l  
Least  Squares 
FTIR h a l v s i s  

47 

-0.3 

3 

31 

29 

-9 

-0.2 

F ina l  
Least Squares 
FTIR Analysis 

46 

0 

0 

24 

30 

0 

0 
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TABLE 2 

ANALYSIS OF LON TEX'EIWTUFE A S 3  

(ILLI?IOIS e6 COAL, 'ROLTD R O B I N '  SAHPLE) 

W t .  Fraction W t .  Fraction Bt. Fraction 
By FTIR By F T I R  By X-ray 

Least Squares Least Squares And Conventional 
P.nalysis 2 I R  Nethods Z Analysis I -- ~ 

Mineral 

Kaolinit e ( I l l i n o i s )  

Kaolinite (Georgia) 

Quartz 

Calcite 

-12 

20 

0 

13 
1 3 . 5  1 

2 4  25 20 

6 7 6 

Pyrite N f D  N I D  20 

Montmorillonite 

b1ical!.!ontmorilloni t e  

21 18 

16 9 

1 

j N / D  I 

I l l i t e  -6 1 1 
72% 59 .5% 

287: LO.  5:: 

- 697: - TOTAL 

L7IACCOm!TED FOR 31% - - 
N / D  - not dererminea. 

I " ~ l " ' l " ' l " ' l J ~  

1 q00 12@@ 1000 800 600 c--' 

Figure 1: Scale expanded FTIR spectra i n  the range 500-1500 cm-' of three 
clays,  mica-montmorillonite, montmorillonite and kaolinite.  The 
spectrum shown a t  the  top i s  tha t  of 1:1:2 mixture by weight of 
the three clays respectively.  52 



TABLE 3 - 
BAND ASSIGNMENTS FOR THE INFRARED SPECTRA OF-COALS 

ALIPHATIC AND AROMATIC OXYGEN CONTAINING 
GROUPS FUNCTIONAL GROUPS 

Wave Number ASSIGNKENT Wave Numher Assignment 
-1 

cm-' cm 

3300 Hydrogen Bonded 

1030 Aromatic C-il 

2950 sh 

2920 1 ( Al ipha t i c  -CH 

2850 1 CHZ and CH3 

CH3 

1600 

1490 sh 

1450 

1375 

Aromatic Ring 
S t r e t ch  

1560-1590 Carboxyl group i n  S a l t  
Form -COO 

Aromatic Ring 
S t r e t ch  

CH and CH Bend 
Po&ibi l i t :  of Some 
Aromatic Ring Hodrs 

CH Groups 

1835 C - 0,  Anhydride 

1775-1765 C - 0,  Es te r  with Eleceron 
withdrawing group a t t ached  
to s i n g l e  bonded oxygen 

A r  - 0 - C - R 8 
1735 C - 0,  Es te r  

1690-1720 C * 0,  Ketone, Aldehyde 
and, -COOH 

C - 0 Highly Conjugated 

eg A r  - C - A s  

1650-1630 
0 
I I  

Approx. 1600 Hlghly Conjugaced 
Hydrogen Bonded C - 0 

1330 co 1110 C-0 Screech and 
0-H Bend i n  Phenoxy 
S t r u c t u r e s ,  Ethers. 

1100-1000 Al ipha t i c  Ethers .  
Alcohols. 

900-700 Aromatic C-H out-of-plane 
bending modes 

860 I so la t ed  Aromatic H 

833 (Weak) l,i Subst i tueed 
AroLaric Groups 

815 I so la t ed  H and/ 
or  2 Neighboring H 

750 1.2 Subs t i t u t ed  
i e  4 Neighboring H 
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Figure 2: Scale expanded FTIR spectra in the range 500-1500 cm-'. 

Top: 

Bottom: Composite spectrum synthesized from the least squares 

Mineral mixture of micalmootmorillonite, montmorillonite 
and kaolinite (1:l:Z by veight). 

fitting program. 

1 ' " 1 " ' 1 " ' 1 ' " ' "  
1'400 1200 1000 80D 600 

Figure 3: FTIR spectra in the range 500-1500 cm-' of kaolinite standards 

Top: Illinois. 
Bottom: Georgia. 
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Figure  4 :  Top: FTIR Spectrum of  a c e t y l a t e d  c o a l  
Middle: FTIR spectrum of o r i g i n a l  coal (PSOC 
Bottom: D i f f e r e n c e  spectrum 

40 

30 

; 2c 
e 
2 a 
0 

1c 

wt. of coal in pellet mg. 

312) 

F igure  5: P l o t  of  peak h e i g h t  of 1765; 1370 o r  1195 cm-I bands vs. concent ra t ion  
of c o a l  i n  KBr p e l l e t .  (Measurements made on d i f f e r e n c e  s p e c t r a )  
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Figure  6: I n f r a r e d  s p e c t r a  o f  s e l e c t e d  c o a l  samples from s t a t i o n s  a long  t h e  seam. 

1610 

16 

1690 

,I 1585 

700 c d l  1900 

Figure  7 :  D i f f e r e n c e  s p e c t r a  o b t a i n e d  by s u b t r a c t i n g  spectrum of  c o a l  from 70 f t .  
s t a t i o n  from s p e c t r a  of  c o a l s  from A 30 f t . ,  B. 40 f t . ,  C. 110 f t . ,  
and D. 125 ft. 
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, . 700 rm-1 3800 

Figure 8 :  FTIR spectra i n  the range 700-3800 cm-l. 
A. 
B. Unoxidized coal.  

Coal sample s l i g h t l y  oxidized a t  15O'C. 

A-B. Difference spectrum. 

1800 700 ern-1 

Figure 9 :  FTIR spectra in  the range 700-3800 cm-l. 
A. Oxidized coal ( 6 . 7 %  O2 uptake). 
B. Unoxidized coal.  

A-B. Difference spectrum. 
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THE NATURE AND COMPOSITION OF COAL HUMIC ACIDS 

Swadesh Raj  

Ebasco Serv ices  Incorpora ted ,  Two World Trade Center ,  New York, NY 10046 

During t h e  e a r l y  s t a g e s  o f  c o a l i f i c a t i o n  t h e  chemical substances i n  t h e  decayed 
organs o f  h igher  p l a n t s  a r e  condensed i n t o  t h e  humic a c i d - l i k e  substances.  
s i c a l  t h e o r i e s  of c o a l  formation do not  show c h a r a c t e r i s t i c s  of  condensat ion 
product formed from t h e  complex mixture  of parent  substances.  These humic a c i d - l i k e  
substances a r e  ill defined subs tances  of  d i v e r s e  o r i g i n  and t h e i r  composition is 
unknown. Although it has  been known f o r  man y e a r s  t h a t  mild o x i d a t i o n  of  bitumi- 
nous c o a l s  y i e l d s  humic a c i d - l i k e  m a t e r i a l ( l 1 .  Reagents such as potassium per- 
manganate, hydrogen peroxide and aqueous n i t r i c  a c i d  have been used i n  t h e  previous 
work(2). The reagent  s e l e c t e d  h e r e  was aqueous performic a c i d  which was generated 
by a r e v e r s i b l e  r e a c t i o n  between anhydrous formic a c i d  and hydrogen peroxide.  The 
mildness of the  c o n d i t i o n s ,  t h e  speed of  r e a c t i o n  and i t s  s i m p l i c i t y  were t h e  fac-  
t o r s  f o r  t h e  reagent  s e l e c t i o n .  

Clas- 

I n  t h i s  paper r e s u l t s  a r e  presented  on humic a c i d s  which are e x t r a c t e d  from 
t h i r t y - e i g h t  d i f f e r e n t  ox id ized  c o a l s .  C o r r e l a t i o n  equat ions  are developed t o  pre-  
d i c t  the  humic a c i d  y i e l d s  f o r  c o a l s  of  var ious  o r i g i n .  Elemental ana lyses  of  
ox id ized  and parent  c o a l  are compared. E f f o r t s  are made t o  ana lyze  changes i n  t h e  
amount and composition of minera l  m a t t e r  r e s u l t i n g  from t h e  chemical r e a c t i o n .  
Pe t rographic  changes a s  a r e s u l t  o f  o x i d a t i o n  i s  a l s o  s t u d i e d .  NaOH - s o l u b l e  and 
i n s o l u b l e  m a t e r i a l s  a r e  analyzed u s i n g  FTIR. I n f r a r e d  s p e c t r a  of c o a l s ,  humic a c i d s  
and res idues  a r e  i n t e r p r e t e d  and d iscussed .  

EXPERIMENTAL PROCEDURE 

The d r i e d  samples of c o a l s  (-80 mesh s i z e )  were d ispersed  i n  anhydrous formic 
a c i d  (99 percent)  (50 m l  f o r  5 gms of  each). The 30 percent  hydrogen peroxide was 
t h e n  added, 2 m l  a t  a t i m e ,  a t  such a rate t h a t  t h e  temperature  r o s e  t o  about 50%. 
The mixture was t h e n  allowed t o  c o o l  t o  room temperature  f o r  t h e  next  24 hours  with 
cons tan t  s t i r r i n g .  It  was then f i l t e r e d  and t h e  s o l i d  washed wi th  water. 

The dry r e s i d u e ,  ox id ized  c o a l  w a s  then  e x t r a c t e d  wi th  1 N  NaOH i n  a stream o f  
n i t rogen  gas a t  room temperature  f o r  another  per iod  of  24 hours  wi th  cons tan t  
s t i r r i n g .  The i n s o l u b l e  r e s i d u e  was removed by c e n t r i f u g a t i o n ,  washed and dr ied .  
The washings and NaOH s o l u b l e  p o r t i o n  were c o l l e c t e d  and a c i d i f i e d  t o  pH 1 and 
l e f t  overn ight ,  
was siphoned from t h e  p r e c i p i t a t e .  The p r e c i p i t a t e  was cent r i fuged  and washed t o  
about  pH 5 .  Both t h e  s o l i d s  (NaOH s o l u b l e  and i n s o l u b l e )  were d r i e d  i n  a vacuum 
oven a t  approximately 80% f o r  about  24 hours  and analyzed on a Nicole t  FTIR. 
p e l l e t s  o f  coa ls  were prepared by mixing 1 mg of  d r y ,  f i n e l y  ground sample with 300 
mg of  K B r .  

The a c i d  i n s o l u b l e  p o r t i o n  s e t t l e d  and most o f  t h e  superna ten t  

KBr 

Approximations were made of  t h e  minera l  conten ts  by determining (a )  t h e  high- 
temperature  ash y i e l d s  of  humic a c i d s  and NaOH i n s o l u b l e s ,  (b) t h e  y i e l d s  of ash 
from t h e  same m a t e r i a l s  i n  an oxygen-plasma low-temperature asher  (LTA). Ult imate  
a n a l y s i s  of t h e  oxid ized  products  were obta ined  from t h e  Commercial T e s t i n g  and 
Engineer ing Co, Inc. Maceral a n a l y s i s  of  ox id ized  product  was done by c o a l  
petrography technique. 
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EXPERIMENTAL RESULTS 

There i s  some d i f f i c u l t y  i n  express ing  t h e  d a t a  on a completely sound b a s i s ,  
There because of t h e  complicat ions introduced by t h e  presence o f  minera l  matter. 

i s  a loss i n  weight o f  t h e  minera l  mat te r  dur ing  o x i d a t i o n .  
conten ts  of c o a l  and oxid ized  product  are d i f f e r e n t .  
mineral  conta in ing  ana lyses  can u s e f u l l y  be compared when expressed as percentages.  

The minera l  mat te r  
Nei ther  t h e  dmmf nor t h e  

I n  Table 1 t h e  weights  of c o n s t i t u e n t s  i n  t h e  sample taken  f o r  r e a c t i o n  a r e  
compared with t h e i r  weights  i n  t h e  oxid ized  product .  The l o s s e s  shown f o r  C ,  H ,  N 
i n  Table 1 conta in  no assumptions and a r e  as good a s  t h e  raw a n a l y t i c a l  da ta .  
Obviously t h e r e  are u n c e r t a i n t i e s  i n  t h e  weights  of  o r g a n i c  s u l f u r  and mineral  
matter, and hence i n  oxygen by d i f f e r e n c e .  The r e s u l t s  i n d i c a t e  t h a t  about 8-20 
percent  of t h e  carbon and 0-15 percent  of t h e  hydrogen i n  t h e  o r i g i n a l  c o a l  i s  
l o s t  dur ing  t h e  oxida t ion .  The weight of  oxygen i s  increased  by 120-170 p e r c e n t ,  
and it appears t o  have doubled. It i s  c l e a r  t h a t  t h e  d a t a  are n o t  very s a t i s f a c -  
t o r y  i n  t h i s  case. They should be  considered q u a l i t a t i v e  i n  n a t u r e ,  never the less  
t h e  d a t a  generated i s  f i r s t  of i ts kind where e f f o r t s  a r e  made t o  i n t e r p r e t  t h e  
d a t a  a n a l y t i c a l l y  f o r  products  of  a chemical r e a c t i o n  of c o a l s  t h a t  cons iders  t h e  
changes i n  t h e  amount and composition of minera l  matter r e s u l t i n g  from t h e  r e a c t i o n .  

The e x t r a c t i o n  o f  humic a c i d s  wi th  sodium hydroxide i s  l i k e l y  t o  d i s r u p t  
p a r t i a l l y  t h e  s t r u c t u r e  of  t h e  c l a y  minera ls  and s o l u b i l i z e  some m a t e r i a l ,  which 
w i l l  no t  n e c e s s a r i l y  be completely r e p r e c i p i t a t e d  by H C 1  wi th  t h e  humic ac id .  
sum of  t h e  LTA values  f o r  t h e  humic a c i d  and NaOH i n s o l u b l e s  u s u a l l y  exceeded t h e  
minera l  mat ter  conten t  of  t h e  c o a l  by a cons iderable  margin, sugges t ing  t h a t  c l a y  
s t r u c t u r e s  had been d r a s t i c a l l y  a l t e r e d .  The sum of  t h e  high-temperature  ashes  
bore a v a r i a b l e  r e l a t i o n  t o  t h e  mineral  matter conten t  of  t h e  coa l .  I n  Figure 1 
t h e  y i e l d s  of humic a c i d s  a r e  expressed on t h e  dry  a s h - f r e e  b a s i s  a s  a f r a c t i o n  
of  dmmf coa l  taken and a r e  p l o t t e d  a g a i n s t  d m f  carbon c o n t e n t s .  A tendency f o r  
t h e  humic a c i d  t o  i n c r e a s e  wi th  rank e x i s t s .  The c o a l s  from E a s t e r n  Province 
tended t o  g i v e  t h e  h igher  y i e l d s  because t h i s  Province c o n t a i n s  c o a l s  t h a t  i n  
genera l  a r e  of h igher  rank than  t h o s e  of o t h e r  Provinces .  
developed from t h e  d a t a  showed t h a t  r e s u l t s  f o r  c o a l s  could be expressed by t h e  
equat ion.  

The 

Regression ana lyses  

humic a c i d  y i e l d  = 3.15 x %C - 183 

where t h e  c o r r e l a t i o n  c o e f f i c i e n t  is 0.95 f o r  Rocky Mountain Province ,  0.56 f o r  
Eas te rn  Province and 0.22 f o r  I n t e r i o r  Province c o a l s .  A c o r r e l a t i o n  c o e f f i c i e n t  
of 0.75 was found when a l l  t h e  d a t a  were used with r e s p e c t  t o  t h e  Province of 
o r i g i n  and can be expressed a s  

humic a c i d  y i e l d  = 2.91 x %C - 163 

As s t a t e d  above, t h e  hydrogen peroxide was added a t  such a rate a s  t o  l i m i t  
t h e  temperature  rise due t o  t h e  exothermic r e a c t i o n .  With E a s t e r n  c o a l s  t h e  
peroxide had t o  be added more s lowly than  wi th  coa ls  from t h e  o t h e r  Provinces ,  i n  
order  t o  avoid exceeding t h e  temperature  l i m i t .  It fo l lows  t h a t  t h e  r e a c t i o n  with 
Eas te rn  coa ls  is  more exothermic than  w i t h  o t h e r  c o a l s .  

Petrographic  examinat ion of  t h e  oxid ized  product  do i n d i c a t e  t h a t  v i t r i n i t e  
had been g r e a t l y  a l t e r e d  i n  appearance whi le  s p o r i n i t e  and t h e  i n e r t  macerals 
changed l i t t l e  o r  n o t  a t  a l l .  The apparent ly  u n a l t e r e d  macerals  could s t i l l  be  
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recognized as  such i n  t h e  NaOil. - i n s o l u b l e  m a t e r i a l s  which c o n t a i n  most of t h e  in-  
organic  m a t e r i a l  o f  t h e  oxid ized  c o a l .  The humic a c i d  product ion  arises from t h e  
v i t r i i i t e  maceral which c o n t a i n  very minute q u a n t i t i e s  of minera l  mat te r .  Both of 
t h e s e  m a t e r i a l s  (NaOH - i n s o l u b l e  and s o l u b l e )  a r e  analyzed by Nicole t  FTIR and 
compared wi th  t h a t  of c o a l s .  

The FTIR o b t a i n s  s p e c t r a  j n  d i g i t a l  form. The c o r r e c t i o n  f o r  t h e  mineral  
mat te r  and moisture  i s  ~ n a d e ( ~ ' ~ ) . T h e  i n f r a r e d  s p e c t r a  f o r  t h e  humic a c i d s ,  NaOH - 
inso?.uble r e s i d u e  and c o a l s  a r e  shown i n  F igures  2 t o  4. Spec t ra  obta ined  from 
c o a l s  and humic a c i d s  show a c l o s e  s i m i l a r i t y  i n  t h e  absorp t ions  a s s o c i a t e d  with 
t h e  var ious C-H bonds and s k e l e t a l  v i b r a t i o n s .  Genera l ly ,  t h e  conclus ions  drawn 
from t h e  absence o f  bands from t h e  a b s o r p t i o n  spectrum are by no means l e s s  v a l -  
u a b l e  than  t h e  informat ion  furn ished  by t h e  e x i s t i n g  bands. It i s  g e n e r a l l y  be- 
l i e v e d  t h a t  c o a l  c o n t a i n s  no, o r  very  few, C=O groups, i s o l a t e d  C=C and CEC bands 
a r e  absent .  
arom.sti.c r i n g  systems. -C-0- o r  C-0-C bands and a s s o c i a t e d  OH and NH bands a r e  
probably a l s o  present .  

A l i p h a t i c  CH, CH2 and CH3 on  t h e  o t h e r  hand do occur ,  as w e l l  as 

DISCUSSION AND CONCLUSION 

Inf rared  s p e c t r a  of c o a l s  and humic a c i d s  demonstrate  a very c l o s e  s i m i l a r i t y .  
The s p e c t r a  from humic a c i d s  a l s o  resemble t h e  s p e c t r a  from coal  t a r ( 3 ) ,  suggest ing 
t h a t  t h e  humic a c i d s  a r e  t h e  monomers der ived  due t o  t h e  c o a l  ox ida t ion .  Ash 
ana lys i s  and i n f r a r e d  a n a l y s i s  show t h a t  most of t h e  organic  mat te r  ends up i n  t h e  
NaOH so luble  p a r t  whi le  most of t h e  inorganic  mat te r  goes i n t o  t h e  NaOH inso luble  
mater ia l .  

Humic a c i d  formation have been r e f e r r e d ( 5 )  e a r l i e r  t o  "Regenerated Ulmins." 
This  assumption needs f u r t h e r  evidence. During t h e  o x i d a t i o n  of c o a l ,  consider-  
a b l e  oxygen e n t e r s  t h e  bonds of t h e  c o a l  molecule. Most of t h e  v i t r i n i t e s  were 
g r e a t l y  a l t e r e d  i n  appearance while  s p o r i n i t e  and t h e  i n e r t  macerals  were changed 
l i t t l e  o r  no t  a t  a l l .  The a p p a r e n t l y  u n a l t e r e d  macerals  could s t i l l  be recognized 
as such i n  t h e  NaOH - i n s o l u b l e  m a t e r i a l .  The i n f r a r e d  s p e c t r a  o f  NaOH - inso luble  
mater ia l  looks l i k e  c h a r ,  bu t  t h e  c o r r e c t e d  s p e c t r a  f o r  t h e  NaOH i n s o l u b l e  mater ia l  
show t h e  a b s o r p t i o n  p a t t e r n  similar t o  parent  c o a l  sugges t ing  t h a t  t h e  organic  
mat te r  i n  t h a t  p a r t  i s  s t i l l  h ighly  polymerized s i m i l a r  t o  coa l .  

I n  a l l  c a s e s ,  t h e  a l i p h a t i c  C-H v i b r a t i o n s  a t  2850-2950 cm-' a r e  s h a r p ,  and 
t h e  other C-H v i b r a t i o n s  a t  1450-1480 cm-I and ai: 1375-1380 a r e  t h e r e .  
near  1375 c m - I  i s  due t o  v i b r a t i o n s  of t h e  methyl group. 
groups ( ie ,  two methyl groups on t h e  same carbon atom) are p r e s e n t ,  t h i s  band 
s p l i t s  i n t o  a c l o s e l y  spaced double t .  
but  not o f  an equal  i n t e n s i t y .  
in tense .  
content  o f  a v a r i e t y  of c o a l ,  humic a c i d  and even o f  t h e  NaOH - i n s o l u b l e  mater ia l  
i n d i c a t e  t h a t  hydroxyl ,  i n  t h e  form of  phenol ic  hydroxyl c o n t r i b u t e s  s t r o n g l y  t o  
t h e  peak. 

Absorption 
When gem-dimethyl 

Such s p l i t t i n g  w a s  observed i n  few s p e c t r a  
The aromatic  absorp t ion  near  1600 cm-' are very 

C o r r e l a t i o n  of t h e  magnitudes o f  t h e  1600 cm-I peak wi th  t h e  hydroxyl 

Absorption due t o  C=O i s  very s t r o n g  i n  a l l  cases .  These were a t  v a r i a b l e  
f requencies  i n  t h e  range 1660-1740 c m - l ,  most o f t e n  1700-1730 cm-l* 
of  coa ls  o f  bituminous rank  do not  show carbonyl  a b s o r p t i o n  i n  t h e  u s u a l  reg ion  
(1660-1760 
t o  the presence of  carboxyl  groups which has  been t h e  r e s u l t  of  o x i d a t i o n .  

The s p e c t r a  

This  a b s o r p t i o n  i s  q u i t e  c l e a r  i n  humic a c i d s  and e n t i r e l y  due 
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-1 
A p e c u l i a r  f e a t u r e  of  t h e  s p e c t r a  i s  t h e  u b i q u i t y  of a b s o r p t i o n  c l o s e  t o  1260 c m  . 

It i s  not q u i t e  i n t e n s e  but  u s u a l l y  showed a m u l t i p l i c i t y  of peaks i n  t h e  range 
1250-1300 cm-1. 
region.  Aromatic e t h e r s  a l s o  absorb here .  The absorp t ion  appears  t o  be due t o  
Some kind of C-0 v i b r a t i o n ,  and such v i b r a t i o n s  a r e  o f t e n  accompanied by o t h e r  
v i b r a t i o n s  i n  t h e  range 1000-1200 cm-l. Indeed,  bands were found a t  1020-1030, 
1070-1080 and 1170-1 90 cm-l. The s t r i k i n g  p o i n t  i s  t h a t  i f  any absorp t ion  i n  t h e  
region 1000-1300 cm-' t h a t  was observed,  w a s  i n  t h e  narrow ranges s p e c i f i e d .  This  
Seems t o  sugges t  t h a t  a number of s t r u c t u r a l  e lements  conta in ing  oxygen were wide- 
spread i n  c o a l s  and coa l  humic ac ids  and d i f f e r  s u r p r i s i n g l y  l i t t l e  from coal  t o  
coa l .  

Primary and secondary a l c o h o l s ,  and phenols ,  may absorb i n  t h i s  

A p a r a l l e l  s i t u a t i o n  i s  found wi th  regard  t o  another  ub iqui tous  band i n  t h e  
range 795-820 c m - l .  
Weaker bands a t  h igher  f requencies  (near  400-1000 cm-') were a l s o  seen.  

This  band i s  sharp  i n  t h e  s p e c t r a  and sometimes in tense .  

-1 
The bending v i b r a t i o n s  of  aromatic  C-H bonds a r e  found n e a r  870 cm r e g i o n ,  

and t h e i r  f requencies  are used t o  i d e n t i f y  s u b s t i t u t i o n  p a t t e r n s  i n  t h e  benzene 
r i n g .  Thus compounds wi th  s u b s t i t u e n t s  i n  t h e  1, 4- o r  1, 2 ,  3 ,  4 -pos i t ions  have 
an absorp t ion  near  830 cm-I q 3 0  cm-l), whi le  1, 2 ,  3 - t r i s u b s t i t u t e d  compounds 
absorb near  780 cm-I (520 cm- ). 
t e r i s t i c  of  1, 2 - d i s u b s t i t u t e d  compounds. No s i n g l e  p a t t e r n  of s u b s t i t u t i o n  shows 
bands near  both 750 and 830 cm-l. The i n t e n s i t i e s  of  t h e s e  bands i s  v a r i a b l e  with 
pure compounds, but  i s  o f t e n  high.  Weak shoulder  i s  seen  a t  3030 c m - l  (aromatic  
C-H s t r e t c h i n g )  and t h e  weak band near 1600 cm-l (aromatic  r i n g  s k e l e t a l  v i b r a t i o n ? ) .  
No f i rm answer can be g iven ,  but probably t h e  i n t e n s i t i e s  a r e  s u f f i c i e n t l y  cons is -  
t e n t ,  s i n c e  i n  pure aromatic  compounds t h e  1600 cm-I bond i s  sometimes q u i t e  weak. 
Sharp absorp t ion  a t  1600 cm-l i n  t h e  s p e c t r a  i s  due t o  -OH s u b s t i t u t i o n  on t h e  
aromatic  r ing(3 .6) .  

Absorption near  750 cm-' i s  (520 cm-l) charac-  

The s t r i k i n g  observa t ion  i s  t h a t  i f  t h e s e  bands are p r e s e n t  i n  a spectrum, 
they a r e  always c l o s e  t o  t h e  same f requencies ,  and absorp t ions  corresponding t o  
o ther  benzene s u b s t i t u t i o n  p a t t e r n s  than t h o s e  mentioned a r e  n o t  s e e n  a t  a l l .  
The impl ica t ion  i s ,  once more, t h a t  c e r t a i n  s t r u c t u r a l  e lements  o r  ske le tons  a r e  
of  very f requent  occurrence and d i f f e r  s u r p r i s i n g l y  l i t t l e  from c o a l  t o  coa l  
which i s  i n  agreement wi th  t h e  o t h e r  r e l a t e d  publ ished works(7>8) .  
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Figure 1 
YIELDS OF HUMIC ACIDS AS FUNCTION OF 
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Figure 4 
INFRARED SPECTRA OF (A) PSOC 282 HUMIC ACID, (E) PSOC 221 HUMIC ACID, 

(C) PSOC 295 HUMIC ACID, AND (D) PSOC 295 NaOH-INSOLUGLE 
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ABSTRACT 

A s  p a r t  of a N a t i o n a l  Coal Board programme aimed a t  d e r i v i n g  t r a n s p o r t  
f u e l s  and chemical  f e e d s t o c k s ,  t h e  chemica l  s t r u c t u r e  o f  e x t r a c t s  from c o a l s  o f  
v a r y i n g  r a n k  a r e  b e i n g  s t u d i e d .  T h i s  i n f o r m a t i o n  h e l p s  t o  g i v e  an  i n s i g h t  i n t o  
t h e  s t r u c t u r e s  of t h e  o r i g i n a l  c o a l s .  S u p e r c r i t i c a l  gas e x t r a c t i o n  y i e l d s ,  
w i t h  l i t t l e  d e g r a d a t i o n ,  l a r g e  q u a n t i t i e s  o f  m a t e r i a l  (20-50% d . a . f .  c o a l ) ,  
which may be compared w i t h  p r o d u c t s  ob ta ined  by: 
employing hydrogen-donor s o l v e n t s  such as hydrogenated a n t h r a c e n e  o i l ,  and 
( b )  s imple  s o l v e n t  e x t r a c t i o n .  The molecu la r  we igh t  r a n g e  o f  t h e  e x t r a c t s  
( 300-2000) makes s e p a r a t i o n  by s o l v e n t  f r a c t i o n a t i o n  and a d s o r p t i o n  chromato- 
graphy,  fol lowed by examinat ion by NMR s p e c t r o s c o p y ,  t h e  most a p p r o p r i a t e  
a n a l y t i c a l  methods f o r  t h e i r  s t r u c t u r a l  c h a r a c t e r i s a t i o n .  The SCG and s o l v e n t  
e x t r a c t s  c o n s i s t  of small a romat i c  c l u s t e r s  j o i n e d  by methylene and he te roa tom 
b r i d g e s .  The a l i p h a t i c  c o n s t i t u e n t s  a r e  p r i n c i p a l l y  a l k y l  g roups  f o r  which 
c h a i n  l e n g t h  d e c r e a s e s  wi th  i n c r e a s i n g  r a n k ,  so t h a t  a r o m a t i c i t y  co r re spond ing ly  
i n c r e a s e s  from 40-80%. The main chemical  s t r u c t u r e s  p r e s e n t  i n  t h e  v a r i o u s  
e x t r a c t s  are independent  o f  e x t r a c t i o n  c o n d i t i o n s .  T h i s ,  t aken  w i t h  t h e  
s i g n i f i c a n t l y  d i f f e r e n t  MW d i s t r i b u t i o n s ,  a l l o w s  i m p o r t a n t  c o n c l u s i o n s  t o  b e  
drawn as t o  t h e  n a t u r e  of t h e  f r agmen t s  p r e s e n t  i n  t h e  o r i g i n a l  c o a l s .  

1. INTRODUCTION 

( a )  a l e s s  mild p r o c e s s  

I n v e s t i g a t i o n s  i n t o  t h e  o r g a n i c  chemical  s t r u c t u r e  o f  c o a l s  can b r o a d l y  be 
d i v i d e d  i n t o  t h r e e  g roups :  

p h y s i c a l  methods,  f o r  example i n f r a - r e d  s p e c t r o s c o p y  (1) and 
s o l i d  s t a t e  1 3 C  NMR ( Z ) ,  which can b e  used  t o  o b t a i n  i n f o r m a t i o n  
abou t  t h e  chemical  g r o u p i n g s ;  

chemica l  methods,  f o r  example o x i d a t i o n  ( 3 )  and d e p o l y m e r i s a t i o n  
u s i n g  boron t r i f l u o r i d e  and pheno l  ( 4 ) ,  which g i v e  i n f o r m a t i o n  
about  t h e  s i z e  o f  a romat i c  c l u s t e r s  and abou t  s u b s t i t u e n t s  and 
l i n k i n g  g roups  i n  t h e  c o a l  mo lecu le ;  

c h a r a c t e r i s a t i o n  of e x t r a c t s ,  f o r  example t h e  s t r u c t u r a l  a n a l y s i s  
of e x t r a c t s  ob ta ined  i n  h igh  y i e l d s  can b e  used  to deduce 
in fo rma t ion  abou t  t h e  p a r e n t  c o a l s .  

The Coal Research Es tab l i shmen t  of t h e  N a t i o n a l  Coal  Board i s  c u r r e n t l y  
deve lop ing  two c o a l  l i que t ' ac t ion  p r o c e s s e s .  These i n v o l v e  t h e  e x t r a c t i o n  o f  
c o a l  w i th  ( a )  s u p e r c r i t i c a l  gas  (SCG) a t  t e m p e r a t u r e s  up t o  720 K and p r e s s u r e s  
o f  about  200 b a r  (5-7) and ( b )  coa l -de r ived  hydrogen-donor s o l v e n t s  (HDS) a t  
t empera tu res  around 670 K ,  b u t  a t  p r e s s u r e s  c l o s e  t o  ambien t  (7). The e x t r a c t s  
ob ta ined  from b o t h  p r o c e s s e s  a r e  t h e n  hydrocracked and f u r t h e r  reformed t o  t h e  



d e s i r e d  l i q u i d  p r o d u c t s .  SCG e x t r a c t i o n  w i t h  a r o m a t i c  s o l v e n t  y i e l d s  up t o  50% 
d . a . f .  c o a l  as t r a c t a b l e  homogeneous e x t r a c t  t o g e t h e r  w i t h  r e a c t i v e  c h a r .  The 
e x t r a c t  is produced by mild t h e r m o l y s i s  of t h e  c o a l  and is v o l a t i l i s e d  by t h e  
p r e s e n c e  o f  an  SCG (8) .  
t h e  c o a l  by a mechanism though t  t o  i n v o l v e  s t a b i l i s a t i o n  of t h e  f r e e  r a d i c a l s  
formed by hydrogen d o n a t i o n  f r o m  t h e  s o l v e n t  ( 9 ) .  

HDS e x t r a c t i o n  removes up t o  90% of t h e  o r g a n i c  p a r t  o f  

Moderate c o n d i t i o n s  a r e  e x p e r i e n c e d  by c o a l s  i n  bo th  p r o c e s s e s  s o  
t h a t  e x t e n s i v e  breakdown and r e f o r m a t i o n  of c o a l  mo lecu la r  s t r u c t u r e s  d u r i n g  
e x t r a c t i o n  is u n l i k e l y  t o  o c c u r ,  a l t h o u g h  l i m i t e d  t h e r m o l y s i s  and chemica l  bond 
c l e a v a g e  must be t a k i n g  p l a c e  for  t h e  bu lk  o f  t h e  c o a l  t o  become s o l u b l e  i n  t h e  
s o l v e n t  media. However, r a p i d  removal  o f  molecu la r  f ragments  from t h e  e x t r a c t i o n  
zone i n  t h e  g a s  e x t r a c t i o n  p r o c e s s  and s t a b i l i s a t i o n  of r a d i c a l  s p e c i e s  by 
hydrogen d o n a t i o n  i n  t h e  HDS p r o c e s s  ( 9 )  p robab ly  p r e v e n t  t h e  occur rence  o f  
r e f o r m a t i o n ,  r ecombina t ion  and f u r t h e r  d e g r a d a t i o n  r e a c t i o n s .  T h e r e f o r e ,  t h e  
s t r u c t u r e s  of molecu le s  r e l e a s e d  and r ecove red  as e x t r a c t  may w e l l  be 
r e p r e s e n t a t i v e  o f  t h e  molecu la r  b u i l d i n g  b l o c k s  of t h e  o r i g i n a l  c o a l s .  

Conversion of e x t r a c t s  t o  more v a l u a b l e  low b o i l i n g  o i l s  h a s  n e c e s s i t a t e d  
a s t u d y  of t h e i r  mo lecu la r  s t r u c t u r e s  and advan tage  has  been t a k e n  of t h e s e  
i n v e s t i g a t i o n s  t o g e t h e r  w i t h  some s t r u c t u r a l  s t u d i e s  conducted on c o a l  e x t r a c t s  
p r e p a r e d  by s imple  s o l v e n t  e x t r a c t i o n  t o  make some p r e d i c t i o n s  abou t  t h e  
molecu la r  s t r u c t u r e s  o f  p a r e n t  c o a l s .  

2 .  EXPERIMENTAL AND RESULTS 

2 . 1  Coals and T h e i r  E x t r a c t i o n  

I n  t h i s  i n v e s t i g a t i o n  seven c o a l s  were used ( t h r e e  b i tuminous ,  one perhydrous 
a n d  t h r e e  l i g n i t i c )  and t h e  y i e l d s  of t h e  e x t r a c t s  p r e p a r e d  from t h e s e  a r e  shown 
i n  F i g u r e  1. For  conven ience  o f  p r e s e n t a t i o n ,  t h e  bi tuminous c o a l s  and l i g n i t e s  
have been l a b e l l e d  1, 2 and 3 .  S o x h l e t  e x t r a c t i o n s  were performed w i t h  t o l u e n e  
and p y r i d i n e  f o r  p e r i o d s  between 25 and 250 hour s .  SCG e x t r a c t i o n s  were c a r r i e d  
o u t  semi-cont inuously w i t h  t o l u e n e  and o t h e r  a r o m a t i c  s o l v e n t s  a t  t e m p e r a t u r e s  
between 620 and 690 K (10) .  
g e n a t e d  an th racene  o i l  ( f 3 D S )  a t  670 K .  

Bi tuminous c o a l  1 w a s  a l s o  e x t r a c t e d  w i t h  hydro- 

2 .2  F r a c t i o n a t i o n  o f  E x t r a c t s  and Analyses  

The e x t r a c t s  were s e p a r a t e d  i n t o  benzene i n s o l u b l e s  ( B I ) ,  a s p h a l t e n e s  and 
n-pentane s o l u b l e s  (n-PS) f r a c t i o n s  (10). I n  some c a s e s  t h e  n-PS f r a c t i o n  w a s  
f u r t h e r  f r a c t i o n a t e d  by s i l i c a - g e l  a d s o r p t i o n  chromatography i n t o  p a r a f f i n s ,  
a r o m a t i c s  ( l o w  p h e n o l i c  -OH c o n t e n t )  and p o l a r s  ( h i g h  p h e n o l i c  -OH c o n t e n t ) .  
Some B I  f r a c t i o n s  were s i l y l a t e d  (11) t o  r e n d e r  them s o l u b l e  i n  t e t r a h y d r o f u r a n  
and ch lo ro fo rm for molecu la r  we igh t  d e t e r m i n a t i o n s  and NMR spec t roscopy  
r e s p e c t i v e l y .  
f r a c t i o n s  i n  many of t h e  e x t r a c t s  ( s e e  F i g u r e  1). 

S i l y l a t i o n  w a s  e s p e c i a l l y  v a l u a b l e  i n  view o f  t h e  l a r g e  B I  

Most f r a c t i o n s  were s u b j e c t e d  t o  u l t i m a t e ,  MW and p h e n o l i c  -OH a n a l y s e s .  
Number ave rage  M W s  were de t e rmined  i s o p i e s t i c a l l y  u s i n g  an Hitachi-Perkin-Elmer 
1 1 5  in s t rumen t .  
Some t y p i c a l  r e s u l t s  f o r  t h e s e  a n a l y s e s  a r e  g iven  i n  Table  1. 

Pheno l i c  -OH c o n t e n t s  were measured by e n t h a l p i m e t r i c  t i t r a t i o n .  

2 . 3  Spec t roscopy  

'H NMR s p e c t r a  were o b t a i n e d  a t  60 MHz u s i n g  an Hitachi-Perkin-Elmer R24B 
i n s t r u m e n t  w i t h  chloroform-d and py r id ine -dg  as s o l v e n t s .  
'H NMR s p e c t r a  of t h e  a s p h a l t e n e s  from t h e  HDS e x t r a c t  of bi tuminous c o a l  1 
and of t h e  SCG e x t r a c t s  o f  b i tuminous  c o a l  3 ,  perhydrous  c o a l  and l i g n i t e  1. 

F igure  2 shows t h e  
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F o u r i e r  t r a n s f o r m  1% NMR s p e c t r a  were ob ta ined  a t  4 5  MHz u s i n g  a Bruker  
WH 180WB i n s t r u m e n t  wi th  chloroform-d as s o l v e n t .  Chromium a c e t y l a c e t o n a t e  was 
added t o  t h e  samples  and g a t e d  decoup l ing  w a s  employed t o  o b t a i n  r e l i a b l e  
q u a n t i t a t i v e  d a t a  ( 1 2 ) .  
from t h e  HDS e x t r a c t  o f  bi tuminous c o a l  1 and of t h e  SCG e x t r a c t s  of b i tuminous  
c o a l  3, t h e  p o l a r s  from SCG e x t r a c t  of perhydrous c o a l  and t h e  a r o m a t i c s  from 
SCG e x t r a c t  o f  l i g n i t e  3. 

F i g u r e  3 shows t h e  1% NMR s p e c t r a  of t h e  a s p h a l t e n e s  

2 .4  S t r u c t u r a l  Ana lys i s  Scheme 

The d i s t r i b u t i o n  o f  hydrogen t y p e s  determined by 'H NMR, as shown i n  
F igu re  2 ,  h a s  been combined w i t h  e l e m e n t a l  and p h e n o l i c  -OH a n a l y s e s  and MW t o  
g i v e  t h e  numbers of t h e  v a r i o u s  atoms o r  g roups  i n  t h e  a v e r a g e  molecu le ;  t h e s e  
have then  been used t o  d e r i v e d  t h e  s t r u c t u r a l  pa rame te r s  d e f i n e d  i n  Tab le  2 .  

The number ot' a l i p h a t i c  carbon atoms ( C a l )  was o b t a i n e d  u s i n g  t h e  assumed 
atomic H/C r a t i o s  ( a , b , c  and d )  f o r  t h e  d i f f e r e n t  a l i p h a t i c  environments  measured 
by 'H NMR.  These were chosen by c o n s i d e r a t i o n  of t h e  g roups  c o n t r i b u t i n g  t o  t h e  
bands i n  t h e  'H NMR s p e c t r a .  
t o  t h e  H band,  d = 3 and s i m i l a r l y ,  s i n c e  mainly methylene g roups  c o n t r i b u t e  t o  
t h e  H ,2 band,  a = 2. The c h o i c e  o f  v a l u e s  o f  b and c w a s  more d i f f i c u l t  s i n c e  
they  were found t o  be dependent  on c o a l  r a n k ,  bo th  methylene and methyl  g roups  
be ing  major c o n t r i b u t o r s  t o  t h e  H and H bands.  T h e r e f o r e ,  b and c were chosen 
t o  g i v e  C a l  and f a  ( a r o m a t i c i t y )  v a l u e s  c o n s i s t e n t  w i t h  t h e  d i r e c t  measurement 
of t h e s e  pa rame te r s  by I 3 C  NMR. 

For example,  s i n c e  on ly  methyl  groups c o n t r i b u t e  

Values of t h e  s t r u c t u r a l  pa rame te r s  f o r  a s e l e c t i o n  of t h e  a s p h a l t e n e s ,  B I  
and a romat i c  f r a c t i o n s  oi t y p i c a l  e x t r a c t s  a r e  g iven  i n  T a b l e  3. The s t r u c t u r a l  
pa rame te r s  have been used t o  c o n s t r u c t  r e p r e s e n t a t i v e  s t r u c t u r e s  f o r  some of 
t h e  a s p h a l t e n e s  and t h e s e  a r e  g i v e n  i n  F i g u r e  4.  Where n e c e s s a r y ,  more t h a n  one 
s t r u c t u r e  h a s  been g iven  so t h a t  a b e t t e r  f i t  i s  ach ieved  wi th  t h e  c a l c u l a t e d  
s t r u c t u r a l  pa rame te r s .  The s t r u c t u r e s  i l l u s t r a t e d  must ,  of c o u r s e ,  be c o n s i d e r e d  
a s  ave rages  o f  t h e  many s p e c i e s  p r e s e n t  i n  each f r a c t i o n .  

3. DISCUSSION ON COAL EXTRACTS 

3.1 Y i e l d s  and Molecular  Weights 

The r e s u l t s  o f  e x t r a c t i o n  and f r a c t i o n a t i o n  g iven  i n  F igu re  1 a r e  n o t  
comprehensive,  b u t  p r e s e n t  a r ange  o f  v a l u e s  f o r  t h e  p r o c e s s e s  unde r  
i n v e s t i g a t i o n .  Comparison o f  t h e  compos i t ions  o f  t h e  v a r i o u s  e x t r a c t s  i s  o f  
c o n s i d e r a b l e  i n t e r e s t  s i n c e  t h e y  a r e  d e r i v e d  by u s i n g  wide ly  v a r y i n g  degrees  o f  
e x t r a c t i o n  s e v e r i t y  from c o a l s  w i th  markedly d i f f e r e n t  c h a r a c t e r i s t i c s .  

E x t r a c t i o n  of c o a l s  w i th  t o l u e n e  gave ve ry  small y i e l d s  of s o l u b l e  m a t e r i a l s  
( 5% d . a . f .  c o a l s )  wh i l e  p y r i d i n e  gave much l a r g e r  y i e l d s  (up  t o  20% d . a . f .  c o a l ) ,  
which i n c r e a s e d  w i t h  i n c r e a s i n g  c o a l  r a n k .  These f i n d i n g s  a r e  i n  agreement  wi th  
t h o s e  o f  p r e v i o u s  i n v e s t i g a t o r s  (13 ,141 .  

E x t r a c t i o n  wi th  t o l u e n e  and wi th  p y r i d i n e  is l i k e l y  t o  i n v o l v e  on ly  
s o l v a t i o n  of low MW molecules  t r apped  i n  t h e  c o a l  m a t r i x  and some d i s r u p t i o n  
( p a r t i c u l a r l y  wi th  p y r i d i n e )  o f  hydrogen bonds w i t h  consequen t  r e l e a s e  o f  
m a t e r i a l s  o f  h i g h e r  MW and p o l a r i t y .  Thus t h e  p y r i d i n e  e x t r a c t  o f  bi tuminous 
c o a l  3 c o n t a i n s  a l a r g e  p r o p o r t i o n  of B I  o f  MW abou t  1500. 

A t  t empera tu res  between 620 and 690 K ,  SCG e x t r a c t i o n  of b i tuminous  c o a l s  
y i e l d e d  q u a n t i t i e s  of B I  comparable  t o  t h o s e  o b t a i n e d  by p y r i d i n e  e x t r a c t i o n .  
The q u a n t i t i e s  of t h e s e  B I s  i n c r e a s e d  w i t h  i n c r e a s i n g  e x t r a c t i o n  t empera tu re .  
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The l a r g e  p r o p o r t i o n s  o f  benzene s o l u b l e  f r a c t i o n s  always p r e s e n t  i n  SCG 
e x t r a c t s  i n d i c a t e  t h a t ,  a p a r t  from s imple  s o l v a t i o n  and hydrogen bond b r e a k i n g ,  
some t h e r m o l y s i s  o f  chemica l  bonds may have o c c u r r e d ,  a l though  l i t t l e  gas was 
gene ra t ed  d u r i n g  e x t r a c t i o n .  

In HDS e x t r a c t i o n  t h e  material o b t a i n e d  i n  e x c e s s  of t h a t  r e l e a s e d  by  SCG 
e x t r a c t i o n  is l a r g e l y  benzene i n s o l u b l e  wi th  a MW 2000. Such h i g h  MW m a t e r i a l  
is t o o  i n v o l a t i l e  t o  be d i s s o l v e d  i n  s u p e r c r i t i c a l  s o l v e n t s .  

For t h e  l i g n i t e s ,  t h e  o v e r a l l  p i c t u r e  is somewhat similar t o  t h a t  o f  t h e  
bi tuminous c o a l s  e x c e p t  t h a t  bo th  p y r i d i n e  and SCG e x t r a c t i o n  gave much smaller 
q u a n t i t i e s  o f  BI material ( M W  1 0 0 0 ) .  No BIs were o b t a i n e d  by SCG e x t r a c t i o n  of 
l i g n i t e  3 a t  610 K ,  b u t  a t  690 K a small amount ( 5% d . a . f .  c o a l )  was produced.  
These f i n d i n g s  imply t h a t  MW d i s t r i b u t i o n s  a r e  a f u n c t i o n  o f  c o a l  r ank .  

T h e  pe rhydrous  c o a l  y i e l d e d  f o u r  t imes  more B I s  by SCG e x t r a c t i o n  t h a n  by 
p y r i d i n e  e x t r a c t i o n ,  b u t  t h e  M W s  of  b o t h  f r a c t i o n s  are c l o s e  t o  2000. T h i s  
s u g g e s t s  t h a t  t h e  l a r g e  q u a n t i t i e s  o f  b o t h  benzene s o l u b l e  (30% d . a . f .  c o a l )  
and BI ( 20%) material c o u l d  be produced from t h e  perhydrous c o a l  by mild 
t h e r m o l y s i s  o f ,  f o r  example,  l ong  a l k y l  b r i d g i n g  g roups  between a r o m a t i c  n u c l e i  
and t h a t  t h e  h igh  MW benzene i n s o l u b l e  m a t e r i a l  is more s t r u c t u r a l l y  amenable 
t o  d i s s o l u t i o n  i n  t h e  SCG than  are t h e  BIs from bi tuminous c o a l .  

3 .2  E lemen ta l  and F u n c t i o n a l  Group Analyses  

Table 1 shows t h a t  for a l l  t h e  e x t r a c t s ,  t h e  s o l v e n t  s e p a r a t i o n  p rocedure  
has  g iven  f r a c t i o n s  wi th  d e c r e a s i n g  H/C r a t i o  and i n c r e a s i n g  he te roa tom c o n t e n t  
g o i n g  from n-PS t o  BI m a t e r i a l .  
y i e l d e d  a romat i c  f r a c t i o n s  which c o n t a i n  l i t t l e  p h e n o l i c  -OH. 

S i l i c a  g e l  a d s o r p t i o n  chromatography of PS 

The o v e r a l l  H/C r a t i o s  o f  t h e  e x t r a c t s  from t h e  l i g n i t e s  and perhydrous 
c o a l  a r e  s i g n i f i c a n t l y  h i g h e r  t h a n  t h o s e  of t h e  bi tuminous c o a l s .  The e x t r a c t s  
from l i g n i t e s  g e n e r a l l y  have much l a r g e r  he t e roa tom c o n t e n t s  t h a n  t h o s e  from 
t h e  bi tuminous and pe rhydrous  c o a l s .  The he te roa tom c o n t e n t s  of a l l  t h c  p y r i d i n e  
and SCG e x t r a c t s  of b i tuminous  and pe rhydrous  c o a l s  a r e  similar t o  t h o s e  of t h e  
p a r e n t  c o a l s .  For t h c  SCG e x t r a c t s  o f  bi tuminous c o a l s  H/C v a r i e s  l i t t l e  as t h e  
t empera tu re  is i n c r e a s e d  from 620 t o  690 K .  However, t h e  SCG e x t r a c t  o f  
l i g n i t e  3 shows a s i g n i f i c a n t  d e c r e a s e  i n  he t e roa tom c o n t e n t  a t  690  K which 
s u g g e s t s  t h a t  a number of t h e  he t e roa toms  are i n  s t r u c t u r e s ,  such  as ca rbony l  and 
a l i p h a t i c  e t h e r s ,  which a r e  e a s i l y  c racked .  The he te roa tom c o n t e n t s  o f  t h e  HDS 
e x t r a c t s  of t h e  b i tuminous  c o a l s  are  s l i g h t l y  l e s s  t han  t h o s e  of t h e  p a r e n t  
coals and also of t h e  c o r r e s p o n d i n g  SCG e x t r a c t s ;  t h i s  i m p l i e s  t h a t  t h e  d i g e s t i o n  
c o n d i t i o n s  have r e s u l t e d  i n  some chemica l  c l eavage  of bonds c o n t a i n i n g  
he te roa toms .  

Table  1 i n d i c a t e s  t h a t  a c i d i c  hydroxy l  g roups  g e n e r a l l y  accoun t  f o r  
approx ima te ly  65% of t h e  oxygen i n  t h e  bi tuminous and pe rhydrous  c o a l  e x t r a c t s ,  
w h i l e  a c i d i c  hydroxy l  ( i . e .  p h e n o l i c  and c a r b o x y l )  groups accoun t  f o r  w e l l  under  
h a l f  the t o t a l  oxygen i n  most of t h e  p y r i d i n e  and 610 K SCG e x t r a c t  f r a c t i o n s  of 
1 i g n i t e  . 

3 .3  NMR S p e c t r a  

The NMR s p e c t r a  show t h a t  t h e  e x t r a c t s  of b i tuminous  c o a l s  ( F i g u r e s  2 a  and 
b ,  3a and b )  c o n t a i n  fewer  a l i p h a t i c  g roups  t h a n  t h e  e x t r a c t s  o f  l i g n i t e  
( F i g u r e s  2c and 3 c ) .  t h e  1 H  s p e c t r a  of t h e  former c o n t a i n i n g  much more prominent  
H bands.  The s h a r p  bands a t  1.3 ppm i n  t h e  1 H  s p e c t r a  and a t  29.7 ppm i n  t h e  
1% s p e c t r a  of t h e  l i g n i t e  and pe rhydrous  c o a l  e x t r a c t s  are a t t r i b u t e d  t o  
methylene g roups  i n  a l k y l  s i d e  c h a i n s  c o n t a i n i n g  a t  l e a s t  8 carbon atoms ( 1 5 ) .  
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The bands between 1.5 and 2 .0  ppm i n  t h e  'H s p e c t r a  o f  t h e  HDS bi tuminous  c o a l  
and l i g n i t e  e x t r a c t s  i n d i c a t e  t h e  p r e s e n c e  of hydroaromat ic  groups .  These groups  
probably  r e s u l t  from hydrogen t r a n s f e r  r e a c t i o n s  o c c u r r i n g  i n  t h e  former c a s e ,  
b u t  i n  t h e  l a t t e r  they  p o s s i b l y  o r i g i n a t e  from t h e  p a r e n t  c o a l .  A comparison 
of t h e  1% s p e c t r a  shows t h a t  t he  SCG e x t r a c t  o f  b i tuminous  c o a l  c o n t a i n s  a 
g r e a t e r  p r o p o r t i o n  o f  bands  between 18 and 22 .5  ppm; t h e s e  a r e  l a r g e l y  
a t t r i b u t e d  t o  methyl groups  (15). 

I n  t h e  13C s p e c t r a  of t h e  HDS and SCG e x t r a c t s  of b i tuminous  Coal ( F i g u r e s  
3.3 and b ) ,  t h e  i n t e n s i t y  of t h e  CAR-0 band between 148 and 168 ppm, t o g e t h e r  
wi th  t h e  absence o f  c a r b o n y l  resonances  between 170 and 210 ppm, i n d i c a t e  t h a t  
v i r t u a l l y  a l l  t h e  non-phenolic oxygen is p r e s e n t  i n  a r o m a t i c  e t h e r  groups .  

3.4 E x t r a c t  S t r u c t u r e s  

The s t r u c t u r a l  p a r a m e t e r s  (Tab le  3 )  and t h e  a v e r a g e  s t r u c t u r e s  (F igu re  4 )  
h i g h l i g h t  t h e  d i f f e r e n c e s  i n  t h e  chemica l  n a t u r e  of t h e  v a r i o u s  e x t r a c t s .  The 
a l i p h a t i c  carbon c o n t e n t s  of t h e  l i g n i t e  and perhydrous  c o a l  e x t r a c t s  are 
s i g n i f i c a n t l y  l a r g e r  t han  t h o s e  o f  t h e  b i tuminous  c o a l  e x t r a c t s ,  b u t  methyl is 
t h e  main c o n s t i t u e n t  i n  a l l  t h e  e x t r a c t s .  A s  p r e v i o u s l y  d e s c r i b e d ,  long  a l k y l  
s i d e  c h a i n s  a r e  prominent i n  t h e  e x t r a c t s  o f  t h e  l i g n i t e s  and perhydrous  c o a l ,  
o c c u r r i n g  mainly i n  t h e  low MW f r a c t i o n s .  The a v e r a g e  a l k y l  cha in  l e n g t h  ( C L )  
f o r  e x t r a c t s  of t h e  l i g n i t e s  and t h e  perhydrous  c o a l  is between 2.5-4 and 
dec reases  t o  2 f o r  t hose  from t h e  b i tuminous  c o a l s .  The o v e r a l l  a l i p h a t i c  H/C  
r a t i o  is approximate ly  2 f o r  a l l  t h e  e x t r a c t s ,  e x c e p t  t h o s e  o b t a i n e d  w i t h  
p y r i d i n e  and by SCG e x t r a c t i o n  o f  t h e  b i tuminous  c o a l s  where t h e  r a t i o  is 2 . 5  
because  o f  a g r e a t e r  p r o p o r t i o n  of methyl .  For a l l  e x t r a c t s  d e c r e a s e s  wi th  
i n c r e a s i n g  MW. 

The degree  of  c o n d e n s a t i o n  f o r  t h e  l i g n i t e  SCG e x t r a c t s  (dC = 0.73-0.82) 
i n d i c a t e s  t h a t  t h e  a r o m a t i c  n u c l e i  c o n s i s t  mainly of s i n g l e  r i n g s .  The dCs 
f o r  t h e  SCG e x t r a c t s  of t h e  perhydrous  and b i tuminous  c o a l s  (0.6-0.7) are 
c h a r a c t e r i s t i c  of 1-3 r i n g  a romat i c  n u c l e i  i n  t h e  molecules .  For  t h e  b i tuminous  
c o a l s ,  l i t t l e  v a r i a t i o n  o c c u r s ,  e i t h e r  i n  t h e  n a t u r e  and c o n t e n t  of  a l k y l  g roups ,  
o r  i n  t h e  degree  of c o n d e n s a t i o n  of a romat i c  n u c l e i  between s imple  s o l v e n t  
and SCG e x t r a c t s .  The a r o m a t i c  s t r u c t u r e  of t h e  HDS e x t r a c t  is s l i g h t l y  more 
condensed than  t h o s e  of t h e  s o l v e n t  and SCG e x t r a c t s .  

4 .  CONCLUSIONS ON ORGANIC COAL STRUCTURES 

The d e t e r m i n a t i o n s  o f  t h e  s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  e x t r a c t s  
r e p r e s e n t i n g  l a r g e  p r o p o r t i o n s  of t h e  o r g a n i c  m a t t e r  i n  t h e  c o a l s  from which 
they  were d e r i v e d  make i t  r e a s o n a b l e  t o  draw c o n c l u s i o n s  a b o u t  t h e  molecular  
c o n s t i t u t i o n  of t h e  c o a l s  themselves .  Arguably t h e  the rma l  t r e a t m e n t s  used  i n  
t h e  two NCB e x t r a c t i o n  p r o c e s s e s  w i l l  c a u s e  some c l e a v a g e  of  l e s s  s t a b l e  
molecular  bonds.  However, t h e  e x t r a c t i o n  t e m p e r a t u r e s  used  a r e  on ly  around 670 K 
and t h e  molecular  f ragments  once formed a r e  e i t h e r  v o l a t i l i s e d  by t h e  SCG and 
removed o r  s t a b i l i s e d  by t h e  p r e s e n c e  o f  hydrogen-donor s p e c i e s .  Fur thermore ,  
it has  been shown t h a t  t h e  s t r u c t u r e s  o f  SCG e x t r a c t s  o f  b i tuminous  c o a l  a r e  
similar t o  those  of t h e  c o r r e s p o n d i n g  s o l v e n t  e x t r a c t s .  

R e s u l t s  of t h i s  s t r u c t u r a l  s tudy  i n d i c a t e  an i n c r e a s e  i n  a r o m a t i c i t y  o f  t h e  
e x t r a c t s  (0.4-0.8) w i t h  i n c r e a s e  of c o a l  rank  which is c o n s i s t e n t  w i t h  e x t e n s i v e  
d a t a  f o r  c o a l s  ( 1 6 ) .  F u r t h e r ,  t h e  a v e r a g e  s i z e s  of a r o m a t i c  c l u s t e r s  i n  t h e  
e x t r a c t s  a r e  i n  g e n e r a l  agreement w i t h  p u b l i s h e d  work on t h e s e  t y p e s  of c o a l .  
For  example, Hayatsu e t  a1 (17) found t h a t  a l k a l i n e  c u p r i c  o x i d e  o x i d a t i o n  of 
l i g n i t e s  produced main ly  s i n g l e  r i n g  a r o m a t i c  c a r b o x y l i c  a c i d s ,  whi le  b i tuminous  
c o a l s  gave s u b s t a n t i a l l y  2 and 3 r i n g  d e r i v a t i v e s .  
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The i n d i c a t i o n s  from o u r  work a r e  t h a t  c o a l s  c o n s i s t  of a r o m a t i c  r i n g  
c l u s t e r s  o f  v a r y i n g  s i z e s  and d e g r e e s  o f  c o n d e n s a t i o n ,  depending on c o a l  r a n k ,  
i n t e r l i n k e d  by s imple  m o l e c u l a r  b r i d g e  systems and by hydrogen bonding.  Th i s  
ev idence  c o n t r a s t s  w i t h  some o f  t h e  e a r l i e r  d a t a  which sugges t ed  t h a t  hydro- 
a romat i c s  and ,  i n  p a r t i c u l a r ,  adamantyl  g roups  ( 1 8 , 1 9 )  a r e  major  c o n t r i b u t o r s  t o  
c o a l  s t r u c t u r e .  There i s  c e r t a i n l y  no ev idence  of adamantyl g roups  b e i n g  
p r e s e n t  i n  o u r  c o a l  e x t r a c t s .  Such s t r u c t u r e s  would g i v e  r i s e  t o  broad bands 
i n  t h e  IH NMR s p e c t r a  between 1 . 0  and 2.0 ppm, p robab ly  c e n t r e d  a t  1 .5-1.7 ppm 
( 2 0 ) .  and n o t  t h e  s h a r p  bands c e n t r e d  a t  1.3 ppm as observed i n  F i g u r e  2 .  Apart  
from simple b r i d g e  s y s t e m s ,  a l k y l  g roups  must accoun t  f o r  t h e  m a j o r i t y  of 
a l i p h a t i c  carbon p r e s e n t  i n  t h e  c o a l s  used.  Simple b r i d g e  s y s t e m s ,  such as 
methylene,  were deduced by Heredy e t  a1 ( 4 )  from t h e  p r o d u c t s  o b t a i n e d  by 
depo lymer i sa t ion  of c o a l  w i t h  pheno l  and boron t r i f l u o r i d e .  

Information on t h e  s t r u c t u r e  o f  t h e  p a r e n t  c o a l s  may be o b t a i n e d  from t h e  
molecu la r  we igh t  d a t a  f o r  v a r i o u s  e x t r a c t  f r a c t i o n s .  E x t r a c t s  from a l l  of t h e  
c o a l s  c o n t a i n  l a r g e  q u a n t i t i e s  o f  benzene s o l u b l e  material  r e l e a s e d  by mild 
the rmolys i s  a t  t empera tu res  between 620 and 690 K .  The q u a n t i t i e s  y i e l d e d  
r e p r e s e n t  a far g r e a t e r  p r o p o r t i o n  o f  low ( 600)  MW m a t e r i a l  t h a n  w a s  p r e v i o u s l y  
thought  t o  be p r e s e n t  i n  t h e  c o a l s  on t h e  b a s i s  of r e s u l t s  from s imple  s o l v e n t  
e x t r a c t i o n  and low t empera tu re  c a r b o n i s a t i o n .  If  e x t e n s i v e  t h e r m o l y t i c  
deg rada t ion  of t h e  b a s i c  c o a l  s t r u c t u r e  h a s  n o t  o c c u r r e d  d u r i n g  e x t r a c t i o n ,  t hen  
t h i s  benzene s o l u b l e  m a t e r i a l  must be r e p r e s e n t a t i v e  of lower MW s t r u c t u r a l  
\ u n i t s  i n  t h e  c o a l s .  

T h e  B I s  from t h e  SCG e x t r a c t s  of t h e  l i g n i t e s  and perhydrous c o a l s  a r e  
predominant ly  of h igh  MW ( 2 0 0 0 ) .  Those from p y r i d i n e  and HDS e x t r a c t s  o f  t h e  
bi tuminous c o a l s  a r e  s i m i l a r ,  b e i n g  1500 and 2000 r e s p e c t i v e l y .  However, t h e  
f a c t  t h a t  no B I  m a t e r i a l  was o b t a i n e d  by low t empera tu re  (610  K )  SCG e x t r a c t i o n  
of l i g n i t e  s u p p o r t s  t h e  view t h a t  c o a l i f i c a t i o n  p r o c e s s e s  i n v o l v e  r e d u c t i o n  i n  
molecular  s i z e  o f  u n i t  s t r u c t u r e s  b r o u g h t  abou t  mainly by l o s s  of l a r g e  a l k y l  
s i d e  cha ins  w i t h  a r o m a t i s a t i o n  p rocedures  a c c o u n t i n g  for i n c r e a s i n g  s i z e  o f  
r i n g  c l u s t e r s  ( 2 1 ) .  
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TABLE 2 - Definitions of Structural Parameters 

Structural Parameter 

'a1 No. of aliphatic carbon atoms, 

fa Aromaticity , 

Degree of alkyl substitution, 

Average alkyl chain length, CL 

Degree of condensation, dC 

H 
C Aliphatic - ratio 

Definition 

k+"x+3+"v  
a b c d  

a1 c - c  
C 

- 
b 

H ~ ~ , ~ ~  +". 

n HAR,OH + 3 + 2(& + non-phenolic O+N+S 

(C - Gal) + (k + non-phenolic O+N+S) 
b a 

a 

C 
* aliphatic carbon 

H aliphatic hydrogen 
C H - x  

(from 1~ NMR) (from 1 3 ~  NMR) 
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Py pyf ld ine  
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TO1 toluene 
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AN INVESTIGATION OF THE OXYGEN AND NITROGEN GROUPS I N  
- SUPERCRITlCAL GAS EXTRACTS OF COAL B Y  NMR 

T . G .  Mar t in  and C . E .  Snape 

N a t i o n a l  Coal Board, Coal Research E s t a b l i s h m e n t  
S toke  Orchard,  Cheltenham, Glos. ,  GL52 4RZ, England.  

K.D. B a r t l e  

Department o f  P h y s i c a l  Chemistry,  U n i v e r s i t y  o f  Leeds 
Leeds,  LS2 Y J T ,  England. 

ABSTRACT 

In  t h e  l i q u e f a c t i o n  p r o c e s s e s  under  development  by t h e  N a t i o n a l  Coal 
Board c o a l  e x t r a c t s ,  i n c l u d i n g  s u p e r c r i t i c a l  gas e x t r a c t s ,  a r e  s u b j e c t e d  t o  
c a t a l y t i c  hydroc rack ing .  Thus,  c h a r a c t e r i s a t i o n  of h e t e r o a t o m s  i n  t h e s e  
e x t r a c t s  is impor t an t  f o r  i d e n t i f y i n g  s p e c i e s  which may g i v e  r i s e  t o  c a t a l y s t  
po i son ing .  NMR methods a r e  d e s c r i b e d  f o r  n i t r o g e n  and oxygen group 
de te rmina t ions .  Hydroxyl g roups  i n  e x t r a c t s  may be comple t e ly  s i l y l a t e d  s o  
t h a t  t hey  can bg e s t i m a t e d  from t h e  OSi(CH3)3 band i n  t h e  1 H  NMR spectrum. 
The s o l u b i l i t y  o f  benzene - inso lub le  f r a c t i o n s  is a l s o  s i g n i f i c a n t l y  i n c r e a s e d  
by s i l y l a t i o n  so t h a t  t hey  can be e a s i l y  s t u d i e d  by NMR. 
p rov ides  a magnet ic  l a b e l  for hydroxyl  v i a  r e a g e n t s  s u c h  as h e x a f l u o r o a c e t o n e ,  
and may a l low i d e n t i f i c a t i o n  o f  d i f f e r e n t  environments  f o r  s u c h  g roups .  1% 
N M R  is s u i t a b l e  f o r  c h a r a c t e r i s i n g  non-phenol ic  oxygen g roups ,  s i n c e  t h e  
r e sonances  of carbon i n  ca rbony l  and a romat i c  e t h e r  g roups  are we l l  s e p a r a t e d .  
Basic  n i t r o g e n  can  be s t u d i e d  by 1 H  and 19F NMR v i a  hydrogen-bonding i n t e r -  
a c t i o n s  wi th  model pheno l s  s u c h  as 2,6-xylenol  and p - f luo ropheno l .  
n i t r o g e n ,  l a b e l l i n g  w i t h  19F, u s i n g  e .g .  t r i f l u o r o a c e t y l  i m i d a z o l e ,  shows 
promise.  

The 19F n u c l e u s  

For n e u t r a l  

1. INTRODUCTION 

S u p e r c r i t i c a l  g a s  (SCG) e x t r a c t i o n  o f  c o a l  w i th  a r o m a t i c  s o l v e n t s ,  such as 
t o l u e n e ,  a t  t e m p e r a t u r e s  around 690 K and p r e s s u r e s  of abou t  200 bar (1) 
g i v e s u p  t o  50% d .a . f .  c o a l  as a homogeneous e x t r a c t ,  which is t h e n  s u b j e c t e d  t o  
c a t a l y t i c  hydroc rack ing  t o  produce l i q u i d  p r o d u c t s .  C h a r a c t e r i s a t i o n  o f  
heteroatoms i n  t h e  e x t r a c t  is i m p o r t a n t  i n  h e l p i n g  t o  i d e n t i f y  s p e c i e s  which 
may c o n t r i b u t e  t o  c a t a l y s t  po i son ing .  

E s t a b l i s h e d  t i t r i m e t r i c  methods f o r  hydroxyl  g r o u p  (2,3) and b a s i c  n i t r o g e n  
group (4 ,5 )  d e t e r m i n a t i o n s  are of g r e a t  va lue  i n  s t r u c t u r a l  c h a r a c t e r i s a t i o n  
o f  e x t r a c t s .  There a r e ,  however,  no e s t a b l i s h e d  p r o c e d u r e s  f o r  t h e  measurement 
oi' non-hydroxyl ic  f u n c t i o n s  o r  n e u t r a l  n i t r o g e n  f u n c t i o n s .  We d e s c r i b e  h e r e  
ou r  a t t e m p t s  t o  compliment and ex tend  e x i s t i n g  f u n c t i o n a l  g roup  methods by 
u t i l i s i n g  t h e  NMR s p e c t r o s c o p i c  methods which a r e  summarised i n  Tab le  1. 
Hydroxyl groups have been de te rmined  by 'H and I 9 F  s p e c t r o s c o p y  f o l l o w i n g  
d e r i v a t i s a t i o n  wi th  t r i m e t h y l s i l y l  ( g r o u p s )  and a d d u c t i o n  w i t h  hexa f luo roace tone  
(HFA). Non-hydroxyl g roups  have been de te rmined  d i r e c t l y  from 13C NMR 
spec t roscopy .  Bas i c  n i t r o g e n  g roups  have been e s t i m a t e d  from t h e i r  i n t e r a c t i o n  
wi th  2 ,6 -xy leno l  by o b s e r v i n g  t h e  changes i n  t h e  -OH chemica l  s h i f t .  
P re l imina ry  r e s u l t s  u s i n g  a n  a l t e r n a t i v e  I 9 F  NMR method w i t h  p-f luorophenol  
have been o b t a i n e d .  D e r i v a t i s a t i o n  wi th  t r i f l u o r o a c e t y l  i m i d a z o l e ,  which a c t s  
as an I 9 F  magnet ic  l a b e l ,  is unde r  i n v e s t i g a t i o n  as a p o s s i b l e  r o u t e  f o r  
e s t i m a t i n g  n e u t r a l  n i t r o g e n  d i r e c t l y .  
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2 .  EXPERIMENTAL 

The sCG e x t r a c t s  were f r a c t i o n a t e d  by s o l v e n t  s e p a r a t i o n  and s i l i c a  gel  
a d s o r p t i o n  chromatography,  as p r e v i o u s l y  d e s c r i b e d  ( 6 ) .  
me thy la t ed  a s p h a l t e n e s  ( p r e p a r e d  by t h e  method used  by L i o t t a  ( 7 ) )  were s e p a r a t e d  
by S t e r n b e r g ' s  a c i d / b a s e  p rocedure  (8). S i l y l a t i o n  o f  t h e  e x t r a c t  f r a c t i o n s  
w a s  c a r r i e d  o u t  as p r e v i o u s l y  ( 9 ) ,  and HFA a d d u c t s  o f  some a s p h a l t e n e  f r a c t i o n s  
were p repa red  by b u b b l i n g  t h e  g a s  i n t o  e t h y l  a c e t a t e  s o l u t i o n s  (10). 
t r i f l u o r o a c e t y l  e s t e r s  of c a r b a z o l e  and i n d o l e  were p r e p a r e d  by warming a t  
8OoC i n  p y r i d i n e  w i t h  t r i f l u o r o a c e t y l  imidazo le  f o r  30 minu tes .  

Aspha l t enes  and 

Also,  

'H NMR s p e c t r a  were o b t a i n c d  a t  60 and 220 MHz u s i n g  Perkin-Elmer R 2 4 B  
and R34 i n s t r u m e n t s  r e s p e c t i v e l y .  
s i l y l a t e d  e x t r a c t  f r a c t i o n s  were added t o  0 .2  molar 2 ,6 -xy leno l  i n  carbon 
t e t r a c h l o r i d e ,  and changes  i n  t h e  hydroxy l  chemica l  s h i f t  were obse rved .  
NMR s p e c t r a  were o b t a i n e d  a t  45 MHz i n  chloroform-d u s i n g  a Bruker !hM 180WB 
i n s t r u m e n t  unde r  e x p e r i m e n t a l  c o n d i t i o n s  which have been shown t o  y i e l d  
q u a n t i t a t i v e  data (11). 
Bruker  WH90 i n s t r u m e n t ;  f u r f u r y l  a l c o h o l  was used a s  an e x t e r n a l  s t a n d a r d  f o r  
d e t e r m i n a t i o n  of -OH c o n t e n t s  from t h e  s p e c t r a  o f  HFA a d d u c t s .  The p rocedure  
d e s c r i b e d  by Gurka and T a f t  (12)  was fol lowed f o r  s t u d y i n g  b a s i c  n i t r o g e n  u s i n g  
0.01 molar  p - f luo ropheno l  where 0 - f l u o r o a n i s o l e  is employed as an i n t e r n a l  
s t a n d a r d .  

F o r  t h e  I H  NMR s t u d i e s  of b a s i c  n i t r o g e n ,  

19F NMR s p e c t r a  were o b t a i n e d  a t  84.6 MHz u s i n g  a 

Basic n i t r o g e n  c o n t e n t s  were a l so  determined by non-aqueous p o t e n t i o m e t r i c  
t i t r a t i o n  ( 4 , 5 )  and a c i d i c  hydroxy l  c o n t e n t s  were measured by e n t h a l p i m e t r i c  
t i t r a t i o n  ( 3 , 6 ) .  Gas ch romatograph ic  a n a l y s i s  w a s  c a r r i e d  o u t  on t h e  
t r i f l u o r o a c e t y l  e s t e r s  o f  i n d o l e  and c a r b a z o l e .  

3. RESULTS AND DISCUSSION 

3.1 Hydroxyl Oxygen 

The hydroxyl  c o n t e n t s  de t e rmined  from t h e  i n t e n s i t y  of t h e  -OSi(CH3)3 
band i n  t h e  IH NMR s p e c t r a  of  e x t r a c t  f r a c t i o n s  were i n  r e a s o n a b l e  agreement  
wi th  t h e  v a l u e s  o b t a i n e d  by e n t h a l p i m e t r i c  t i t r a t i o n  ( s e e  Tab le  2 ) ,  i n d i c a t i n g  
t h a t  a l l  t h e  hydroxy l  g roups  i n  t h e  e x t r a c t s  have been s i l y l a t e d .  In a d d i t i o n ,  
s i l y l a t i o n  g i v e s  a s i g n i f i c a n t  enhancement of' e x t r a c t  s o l u b i l i t y  ( 9 ) .  The 
p resence  o f  non-ac id i c  ( a l c o h o l i c )  hydroxy l  g roups  was d i scoun ted  s i n c e  t h e r e  
was no ev idence  of -0CH2 re sonances  i n  t h e  13C NMR s p e c t r a .  
l H  NMR spectrum o f  t h e  s i l y l a t e d  benzene - inso lub le s  from an SCG e x t r a c t  of' 
bi tuminous c o a l .  
from t h e  o t h e r  a l i p h a t i c  r e s o n a n c e s ,  h a s  a maximum a t  0.3 ppm wi th  a broad 
s h o u l d e r  e x t e n d i n g  t o  -1 ppm i n d i c a t i v e  of' t h e  p re sence  of b o t h  unhindered 
(meta- and p a r a - s u b s t i t u t e d )  and h i n d e r e d  ( o r t h o - s u b s t i t u t e d )  p h e n o l i c  g roups  
(13) .  Unlike t h e  s p e c t r a  of S y n t h o i l  p r o d u c t s  (14). no s p l i t t i n g  of t h e  
-OSi(CH3)3 band w a s  observed a t  220 MHz. The two s h a r p  peaks  between 0 and 0.2 
ppm are a t t r i b u t a b l e  t o  a l i t t l e  hexamethy ld i s i loxane  ( h y d r o l y s i s  p r o d u c t )  and 
s i l y l a t i n g  r e a g e n t  ( h e x a m e t h y l d i s i l a z a n e ) .  Me thy la t ion  ( 7 )  and a c e t y l a t i o n  (15 )  
a r e  a l t e r n a t i v e s  t o  s i l y l a t i o n  f o r  measurement of hydroxyl  g roups ,  b u t  bo th  
t h e s e  methods have much l o n g e r  p r e p a r a t i o n  t imes  ( 1 day)  t h a n  s i l y l a t i o n  
( 1-2 h o u r s ) .  
methylene r e sonances  between 3 .4  and 4 . 2  ppm i n  c o a l  e x t r a c t s  ( 6 ) .  

F i g u r e  1 is t h e  

I t  shows t h a t  t h e  -OSi(CH3)3 band, which is w e l l  s e p a r a t e d  

Also,  t h e r e  is an o v e r l a p  of' -OCH3 r e sonances  wi th  r i n g - j o i n i n g  

S i l y l a t i o n ,  which g i v e s  a r e l i a b l e  measure of t h e  t o t a l  hydroxy l  c o n t e n t ,  
p r o v i d e s  l i t t l e  i n f o r m a t i o n  o n  t h e  d i s t r i b u t i o n  o f  hydroxyl  g roups .  On t h e  
o t h e r  hand,  HFA a d d u c t s  c o n s i d e r a b l y  less t h a n  h a l f  t h e  t o t a l  number of 
hydroxy l  g r o u p s  ( s e e  T a b l e  2 ) ,  b u t  g i v e s  a good s e p a r a t i o n  i n  t h e  I9F NMR 
s p e c t r a  between h inde red  and unh inde red  p h e n o l i c  hydroxyl  groups.  The ev idence  
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ob ta ined  so f a r  s u g g e s t s  t h a t  t h e r e  a r e  s imi la r  numbers of h inde red  and 
unhindered g roups  i n  an a s p h a l t e n e  SCG e x t r a c t  f r a c t i o n  of a b i tuminous  c o a l .  

3 .2  Non-Hydroxyl Oxygen 

c NMR spec t roscopy  i s  p a r t i c u l a r l y  u s e f u l  for  a s s e s s i n g  t h e  environments  
of non-hydroxyl g roups  because  t h e  r e sonances  due t o  c a r b o n y l  g r o u p s ,  which l i e  
between 170 and 210 ppm, are we l l  s e p a r a t e d  from t h o s e  due t o  a r o m a t i c  e t h e r s  
(148-168 ppm) and a l i p h a t i c  e t h e r s  (55-70 ppm) (161 ,  a l t h o u g h  t h e  r e sonances  
of a romat i c  e t h e r  g roups  p a r t i a l l y  o v e r l a p  wi th  t h o s e  o f  p h e n o l i c  hydroxy l  
groups (148-158 pprn). F i g u r e  2 shows t h a t  no ca rbony l  and a l i p h a t i c  e t h e r  
r e sonances  a r e  d i s c e r n i b l e  i n  t h e  spec t rum of t h e  a s p h a l t e n e  f r a c t i o n  of an 
SCG e x t r a c t  o f  b i tuminous  c o a l ,  b u t  t h e  d i s t i n c t  band between 158 and 168 ppm 
is S o l e l y  a t t r i b u t e d  t o  a romat i c  e t h e r  groups.  
i n t e g r a t i o n  of t h e  CAR-0 band between 148 and 168 ppm, t h e  a r o m a t i c  e t h e r  
groups were e s t i m a t e d  t o  accoun t  f o r  30% of t h e  t o t a l  oxygen c o n t e n t  i n  SCG 
e x t r a c t s  o f  b i tuminous  c o a l .  

13 

From s i l y l a t i o n  and 

3.3 Bas ic  Ni t rogen  

The changes obse rved  i n  t h e  p o s i t i o n  o f  t h e  hydroxyl  band i n  t h e  'H NMR 
spectrum o f  0 .2  molar  2 ,6 -xy leno l  when ( a )  model compounds and ( b )  s i l y l a t e d  
Coal e x t r a c t s  were added are shown i n  Tab le  3. L inea r  p l o t s  o f  t h e  
c o n c e n t r a t i o n  o f  t h e  b a s i c  s p e c i e s  a g a i n s t  s h i f t  in t h e  spec t rum were found up 
t o  a c o n c e n t r a t i o n  of' abou t  0.15 molar of t h e  b a s i c  s p e c i e s  and t h e  v a l u e s  
shown i n  Table  3 were t aken  from t h o s e  g raphs .  A similar c o r r e l a t i o n  was 
found by Tewari e t  a1 ( 1 7 )  who used o-phenyl pheno l ,  b u t  i n  t h e  p r e s e n t  work 
2,6-xylenol  was p r e f e r r e d  because i t  g i v e s  a s h a r p  hydroxy l  r e sonance  i n  CCl4. 
The hydroxyl  chemica l  s h i f t  of 2 ,6-xylenol  on  its own rema ins  c o n s t a n t  a t  
4 .3  ppm for c o n c e n t r a t i o n s  0.2 mola r ,  which i n d i c a t e s  t h a t  hydrogen bonding 
of 2 ,6-xylenol  i t s e l f  c e a s e s  t o  b e  s i g n i f i c a n t  a t  t h e s e  c o n c e n t r a t i o n s .  Fo r  
t h e  SCG e x t r a c t  f r a c t i o n s  p r i o r  s i l y l a t i o n  w a s  r e q u i r e d  to p r e v e n t  exchange o f  
hydroxyl  hydrogen between t h e  e x t r a c t  and 2.6-xylenol .  

The r e s u l t s  o f  t h e  s t u d i e s  on m o d e l  compounds (Tab le  3 )  show t h a t  l i t t l e  
change i n  chemical  s h i f t  f o r  non-basic s p e c i e s ,  such as d ibenzofu ran  and i n d o l e  
o c c u r s  wh i l e  changes between 0 .8  and 1 . 2  ppm/O.l mole w e r e  o b t a i n e d  fo r  a l k y l  
s u b s t i t u t e d  p y r i d i n e s  and q u i n o l i n e s .  The changes i n  hydroxy l  chemica l  s h i f t  
g e n e r a l l y  i n c r e a s e d  w i t h  i n c r e a s i n g  degree  o f  a l k y l  s u b s t i t u t i o n  and i t  is 
thought  t h a t  d i -  and t r i s u b s t i t u t e d  p y r i d i n e s  are t h e  most r e a l i s t i c  models f o r  
b a s i c  n i t r o g e n  environments  i n  SCti e x t r a c t s .  The changes i n  chemica l  s h i f t  
were found t o  va ry  g r e a t l y  for t h e  s i l y l a t e d  SCG e x t r a c t  f r a c t i o n s  and an  
encouraging c o r r e l a t i o n ,  shown i n  F igu re  3 ,  was o b t a i n e d  w i t h  b a s i c  n i t r o g e n  
c o n t e n t s  de t e rmined  by non-aqueous p o t e n t i o m e t r i c  t i t r a t i o n .  

In an  a l t e r n a t i v e  approach ,  19F NMR was u t i l i s e d  and p r e l i m i n a r y  r e s u l t s  
ob ta ined  w i t h  0.01 molar  p-f luorophenol  s u g g e s t  t h a t  some c o r r e l a t i o n  may e x i s t  
between t h e  I9F chemica l  s h i f t  t i t r a t i o n  c u r v e s  o b t a i n e d  f o r  s i l y l a t e d  SCti 
e x t r a c t  f r a c t i o n  and b a s i c  n i t r o g e n  c o n t e n t .  For model b a s e s ,  t h e  change i n  
19F chemical  s h i f t  r e a c h e s  a maximum v a l u e ,  e . g .  2.5 ppm for p y r i d i n e ,  when 
l a r g e  c o n c e n t r a t i o n s  ( 0 . 4  mola r )  have been added. However, f o r  e x t r a c t  
f r a c t i o n s ,  t h i s  maximum v a l u e  canno t  be measured d i r e c t l y  because  of t h e i r  
l i m i t e d  s o l u b i l i t y  i n  CCl4, and t h e r e f o r e  in fo rma t ion  h a s  t o  be d e r i v e d  from 
t h e  t i t r a t i o n  c u r v e s  o b t a i n e d  f o r  l o w  ( 0 . 2  mola r )  e x t r a c t  c o n c e n t r a t i o n s .  

To i s o l a t e  b a s i c  f r a c t i o n s  f o r . t h e  s t u d i e s  d e s c r i b e d  above,  S t e r n b e r g ' s  
a c i d / b a s e  p rocedure  (8) was employed f o r  t h e  a s p h a l t e n e s  o f  a b i tuminous  coa l  
SCG e x t r a c t .  T h i s  gave 60% b a s e s  which i s  s i g n i f i c a n t l y  l a r g e r  t h a n  t h e  
m o u n t s  t hough t  t o  be p r e s e n t  by t h e  -OH chemical  s h i f t  method ( 30%) and by 
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non-aqueous p o t e n t i o m e t r i c  t i t r a t i o n  ( 20%).  
c h l o r i d e  s a l t  s u g g e s t e d  t h a t  n o t  e v e r y  molecule c o n t a i n e d  a b a s i c  n i t r o g e n  
group.  T o  h e l p  t o  r e s o l v e  t h i s  i s s u e ,  m e t h y l a t e d  a s p h a l t e n e s  were s e p a r a t e d  
by t h e  same a c i d / b a s e  p r o c e d u r e ,  b u t  on ly  20% of bases  was o b t a i n e d ,  i n d i c a t i n g  
t h a t  the a c i d / b a s e  p r o c e d u r e  is i n a p p r o p r i a t e  f o r  SCG e x t r a c t s  of b i tuminous  
c o a l s ,  p robably  due t o  t h e  r e l a t i v e l y  low b a s i c  n i t r o g e n  c o n t e n t s  and h i g h  
phenol ic  hydroxyl  c o n t e n t s .  

The a n a l y s i s  of t h e  base-hydro- 

3 . 4  Non-Basic N i t r o g e n  

Recent ly ,  t r i f l u o r o a c e t y l  d e r i v a t i v e s  o f  i n d o l e  and c a r b a z o l e  ( 50% y i e l d )  
have been p r e p a r e d  wi th  t r i f l u o r o a c e t y l  c h l o r i d e  (18). Th i s  is an i m p o r t a n t  
development s i n c e  most non-bas ic  n i t r o g e n  i n  e x t r a c t s  o f  b i tuminous  c o a l  is 
thought  t o  be i n  t h e  form o f  a r o m a t i c  secondary  amines. In t h e  p r e s e n t  work, 
w e  found t h a t  90% of i n d o l e  and c a r b a z o l e  can be  d e r i v a t i s e d  u s i n g  t r i f l u o r o -  
a c e t y l  imidazo le .  I n  an a t t e m p t  t o  measure non-basic n i t r o g e n  i n  SCG e x t r a c t s ,  
m e t h y l a t i o n  p r i o r  t o  e s t e r i f i c a t i o n  w i t h  t h i s  r e a g e n t  and  d e t e c t i o n  by 19F NMR 
is being c a r r i e d  o u t .  

4 .  CONCLUSIONS 

The r e s u l t s  of t h i s  i n v e s t i g a t i o n  d e m o n s t r a t e  t h a t  NMR methods (IH, 1 3 C ,  
1 9 F )  o f f e r  v i a b l e  a l t e r n a t i v e s  t o  e x i s t i n g  t i t r a t i o n  t e c h n i q u e s  f o r  
d e t e r m i n i n g  p h e n o l i c  hydroxyl  and b a s i c  n i t r o g e n  i n  c o a l  e x t r a c t s  and p r o v i d e  
ways fo r  t h e  d i r e c t  measurement of non-hydroxyl and non-basic n i t r o g e n  groups .  
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Tab le  1 Summary o f  NMR Methods f o r  Heteroatoms 

1H 

l g F  

Method 

Obse rva t ion  o f  change i n  hydroxy l  chemical  
s h i f t  of 0.2 molar 2 ,6 -xy leno l  

Observat ion of change i n  chemica l  s h i f t  
o f  0.01 molar p-f luorophenol  

S i l y l a t i o n  1 ::F I Adduction wi th  h e x a f l u o r o a c e t o n e  
Hydroxyl oxygen 

n t h a l p i m e t r y  

Non-hydroxyl oxygen 1 1% 1 Observa t ion  of I 3 C  chemica l  s h i f t s  

S i l y l a t i o n  HFA Adduct ion 

Bas i c  n i t r o g e n  

I I 
I 

E s t e r i f i c a t i o n  w i t h  t r i f l u o r o a c e t y l  
imidazole  I lgF I Neut ra l  n i t r o g e n  

Tab le  2 Hydroxyl Con ten t s  of SCG E x t r a c t  F r a c t i o n s  

F r a c t i o n  

Asphal t e n e s ,  
bi tuminous c o a l  

Benzene-insolubles  , 
bituminous coal 

Acid a s p h a l t e n e s ,  
bi tuminous c o a l  

Aspha l t enes ,  
perhydrous c o a l  

% Hydroxyl 

4.7 I 4 - 6  I N * D *  

N . D .  = Not Determined 
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FIGURE I. IH  NMR SPECTRUM OF SILYLATED BENZENE INSOLUBLES FROM SCG EXTRACT. 
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FIGURE 2. 13C NMR SPECTRUM OF ASPHALTENES FROM SCG EXTRACT. 
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MEASUREMENT OF THE REACTIVITY OF A KENTUCKY 9 AND 11 
COAL USING A MICROAUTOCLAVE 

S h u j i  Mori and Bur t ron  H. Davis 

U n i v e r s i t y  o f  Kentucky, I n s t i t u t e  f o r  Min ing and M ine ra l s  Research 
I r o n  Works Pike P.O. Box 13015, Lexington, KY 40583 

The l i q u e f a c t i o n  r e a c t i v i t y  o f  Kentucky #9 and #11 coal  was measured i n  a micro- 
autoclave. 
p s i g  hydrogen pressure. The n o n c a t a l y t i c  conversion, based on p y r i d i n e  e x t r a c t i o n ,  
e x h i b i t e d  a maximum a t  l e s s  than 15 minutes r e a c t i o n  t ime; r e a c t i o n  t imes longer  
than 15 minutes r e s u l t e d  i n  convers ion lower than 90-95% maximum conversion. 
c a t a l y t i c  and n o n c a t a l y t i c  conversions showed c o n t r a s t i n g  behavior  a t  r e a c t i o n  
t imes longer  than 15 minutes. 
when a cobalt-molybdena c a t a l y s t  was and secondary reac t i ons  caused 
the  "apparent conversion" t o  d e c l i n e  a t  r e a c t i o n  t imes g r e a t e r  than 15 mintues. 
The n o n c a t a l y t i c  r e a c t i v i t y  a t  t h e  maximum convers ion depends on the  l e n g t h  o f  
t ime the  coal  i s  presoaked i n  the  t e t r a l i n  so lvent ;  presoaking a t  room temperature 
for  f o u r  days r e s u l t s  i n  a convers ion t h a t  i s  about 5% g r e a t e r  than t h e  convers ion 
obta ined a f t e r  o n l y  a two hour presoaking. 

The conversions were c a r r i e d  o u t  us ing  a t e t r a l i n  s o l v e n t  and 2000 

The 

The convers ion cont inued t o  increase w i t h  t ime 

INTRODUCTION 

Attempts have been made t o  c o r r e l a t e  t h e  l i q u e f a c t i o n  r e a c t i v i t y  o f  coa ls  
t o  t h e  carbon content  (l,Z), w i t h  t h e  petrography (3,4) o r  w i t h  t h e  " r e a c t i v e  
maceral" content  (5,6). Also, experimental d i f f i c u l t i e s  (7-9)  have l i m i t e d  t h e  
data a v a i l a b l e  f o r  s h o r t  r e a c t i o n  times. 

Di f fus ion i s  u s u a l l y  n o t  a problem f o r  r e a c t i o n  i n  a convent ional  batch 
autoc lave w i t h  v igorous a g i t a t i o n ,  b u t  t h e  heatup p e r i o d  i s  l ong  f o r  such a 
system and i t  i s  d i f f i c u l t  t o  assess t h e  i n f l u e n c e  o f  slow heatup on s h o r t  t ime 
coal conversion experiments. 

I n  t h e  present work, a small  g lass  l i n e d  r e a c t o r  capable o f  a r a p i d  heatup 
was used t o  measure the  n o n c a t a l y t i c  and c a t a l y t i c  coal  conversions a t  s h o r t  
r e a c t i o n  times. 

EXPERIMENTAL 

Samples o f  Kentucky No. 9 and tin. 11 were ground t o  -60 mesh and t o  16-36 

The reac to r ,  i l l u s t r a t e d  i n  F igu re  1, was f a b r i c a t e d  from 316 SS. A g lass  

mesh, respec t i ve l y .  The u l t i m a t e  and prox imate a n a l y t i c a l  data f o r  these m a t e r i a l s  
a r e  g iven i n  Table 1. 

l i n e r  o f  about lOcc volume was p laced i n  t h e  reac to r .  The r e a c t o r  was at tached t o  
a man i fo ld  w i t h  a pressure gauge and a valve. A thermowell  o f  1 .59m 0.d. (1/16" 
O.D.) extended i n t o  t h e  l i q u i d  conta ined i n  t h e  reactor .  

ceramic m a t e r i a l  as a f i l l e r  (16-36 mesh); t h e  s o l i d s  were s l u r r i e d  w i t h  approx i -  
mate ly  6gr  o f  t e s t  value. For the n o n c a t a l y t i c  r e a c t i o n  w i t h  Kentucky No. 11 
coal  was approx imate ly  3gr  o f  t h e  c o a l  mixed w i t h  6g r  o f  t e t r a l i n .  
c a t a l y t i c  run  approx imate ly  1.5gr o f  Kentucky No. 11 and t h e  same amount o f  a 
prereduced Co/Mo c a t a l y s t  (American Cyanamid HDS-1442-A, 1/16" ex t ruda te )  were 
mixed w i t h  app ox ima te l y  6g r  o f  t e t r a l i n e .  

The r e a c t o r  was immersed t o  t h e  "nut"  t o p  i n  a f l u i d i z e d  sand bath (Tecam 
Model SLB-2) a t  435OC. The ba th  temperature decreased s l i g h t l y  when t h e  r e a c t o r  
was in t roduced,  b u t  t h e  temperature was r e s t o r e d  t o  435OC w i t h i n  approx imate ly  
one-half minute by manual adjustments o f  t h e  hea te r  c o n t r o l ,  and was mainta ined 
a t  435 2 2OC the rea f te r .  Reactor pressure was recorded a t  one-minute i n t e r v a l s  

Approximately 1.5gr o f  a Kentucky No. 9 coa l  was mixed w i t h  1.5gr o f  ground 

For t h e  

A l l  o f  t h e  r e a c t i o n  was i n i t i a t e d  a t  
3.45 x 106 N/M E (500 psig) hydrogen pressure. 
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and temperatures of t h e  r e a c t o r  and t h e  sand bath 
A t  t h e  end o f  t he  r e a c t i o n  p e r i o d  t h e  r e a c t o r  was q u i c k l y  immersed i n  a c o l d  sand 
bath for  a pe r iod  o f  one minute, t hen  quenched i n  c o l d  water. 
a g i t a t i o n  was app l i ed  to  the  r e a c t o r  o r  i t s  contents  du r ing  r e a c t i o n .  

The r e a c t o r  contents  were t r a n s f e r r e d  t o  a dry, weighed Soxh le t  e x t r a c t i o n  
thimble w i t h  t h e  a i d  o f  p y r i d i n e  and Sochlet  e x t r a c t i o n  w i t h  h o t  p y r i d i n e  (150 m l  
t o t a l )  was c a r r i e d  o u t  under an atmosphere o f  n i t r o g e n  f o r  a p e r i o d  o f  42 hours. 
Py r id ine  was rep laced w i t h  methanol and e x t r a c t i o n  was continued f o r  s i x  hours, 
a f t e r  which t h e  th imb le  and i t s  contents  were d r i e d  ove rn igh t  i n  a vacuum desiccator  
over calcium ch lo r i de .  
oven a t  60OC and was considered t o  be completed when t h e  weight  l o s s  between 
successive four-hour d r y i n g  pe r iods  l e s s  than 10mg. Conversion c a l c u l a t i o n s  are 
based on weights o f  res idues  and a r e  g i ven  on a mois ture-ash- f ree bas is .  

I n  the course o f  t h i s  work i t  became ev iden t  t h a t  t he  methanol e x t r a c t i o n  s tep  
d i d  not remove a l l  o f  t he  p y r i d i n e  f rom t h e  p y r i d i n e  i nso lub les  and t h a t  some 
p y r i d i n e  was s t r o n g l y  r e t a i n e d  by t h e  res idues  a t  6OoC (vacuum). 
o f  p y r i d i n e  could be accomplished a t  150°C (vacuum) b u t  t h e  r e s u l t i n g  weight  losses 
were too small t o  change c a l c u l a t e d  conversions s i g n i f i c a n t l y  o r  a l t e r  i n t e r p r e -  
t a t i o n s  g i ven  below. 

were recorded cont inuously .  

No mechanical 

D ry ing  o f  t h e  e x t r a c t i o n  res idue  was cont inued i n  a vacuum 

Thorough removal 

RESULTS AND DISCUSSION 

For a Kentucky No. 9 coa l ,  t h e  convers ion depends on the  r e a c t i o n  temperature 
as shown i n  F igu re  2. The convers ion,  i n  t h e  absence o f  a c a t a l y s t ,  reached a 
maximum i n  10 t o  15 minutes and s l o w l y  decreased 
t o  the p y r i d i n e - i n s o l u b l e  "coke" format ion.  Such conversions a t  15 minutes are 
shown i n  F igure 1 as a f u n c t i o n  o f  temperature between 350° and 50OOC. 
450°C, coking i s  so severe a t  the r e a c t i o n  t ime  t h a t  t h e  coal conversion, based 
on p y r i d i n e - i n s o l u b l e ,  appears t o  be q u i t e  low. 

t e t r a l i n  so l ven t  p r i o r  t o  r e a c t i o n  may a l t e r  t h e  maximum conversion. The 
in f l uence  o f  room temperature presoaking of t h e  coa l  sample i n  t e t r a l i n  was 
determined f o r  pe r iods  v a r y i n g  f rom two hours t o  two weeks. 
f o r  a 15-minute r e t e n t i o n  t ime  was t h r e e  t o  f o u r  percent  lower  f o r  the two hour 
presoaking than f o r  soaking f o r  one day o r  l onger  (F igu re  3). 
i n  t h i s  r e p o r t  a presoaking o f  24 hours was employed. 

The conversion w i t h  and w i t h o u t  a c a t a l y s t  i s  presented i n  F igu re  4. For 
t h e  nonca ta l y t i c  convers ion o f  t h e  Kentucky No. 9 coa l  a t  435OC, a maximum 
conversion o f  about 90% i s  ob ta ined  a f t e r  a r e a c t i o n  t ime  o f  10 t o  15 minutes. 
The r e p r o d u c i b i l i t y  o f  t h e  convers ion f o r  d u p l i c a t e  runs a t  each r e t e n t i o n  t ime 
was b e t t e r  than 2 1.5%. 
shows a gradual decrease. 
formation o f  " p r y i d i n e  i n s o l u b l e  coke." 
t he  py r id ine  e x t r a c t i o n  conf i rmed t h e  presence o f  coke a t  the l a t e r  r e a c t i o n  times. 
Some i n v e s t i g a t o r s  have r e p o r t e d  a s i m i l a r  maximum (10) w h i l e  o t h e r s  have n o t  
observed the  maximum (11). 

prevent  compaction o f  t h e  coa l  p a r t i c l e s  due t o  s e t t l i n g ,  t he  coal  was mixed w i t h  
ceramic P a r t i c l e s  16-36 mesh. The l a r g e r  p a r t i c l e  s i z e  Kentucky No. 11 coal  was run  
w i thou t  t he  ceramic ma te r ia l .  The use o f  t h e  l a r g e r  coa l  p a r t i c l e s ,  as w e l l  as the  
e b u l l a t i n g  bed a g i t a t i o n  due t o  t h e  i n i t i a l  hea t ing  o f  t h e  b o t t o n  o f  t h e  t a l l ,  narrow, 
reactor ,  enabled us t o  o b t a i n  r e p r o d u c i b l e  convers ion w i t h o u t  mechanical a i t a t i o n .  

The temperature dependence o f  t h e  n o n c a t a l y t i c  convers ion of  a Kentucay No. 
11 coal was presented i n  F i g u r e  2. 
t imes was near l y  the  same i n  the temperature range 400-45OOC and t h i s  convers ion 
i s  represented i n  F igu re  4 by t h e  symbol a. 
p y r i d i n e  so lub les,  i s  t h e  same f o r  t he  Kentucky No. 9 and No. 11 coal; however, 

f o r  longer  r e a c t i o n  t imes due 

Above 

Pre l im ina ry  work i n d i c a t e d  t h a t  t he  l e n g t h  o f  coa l  presoaking t ime i n  the 

The maximum conversion 

I n  the  o t h e r  runs 

A t  r e a c t i o n  t imes g r e a t e r  than 15 mintues, t he  conversion 

Petrographic  ana lys i s  o f  t he  res idue  from 
Th is  convers ion d e c l i n e  appears t o  be due t o  the  

The Kentucky No. 9 coa l  was ob ta ined  as a -60 mesh powder. I n  o rde r  t o  

The convers ion a t  t he  15-minute r e a c t i o n  

The maximum conversion, based on 



many more coals  must be conver ted t o  v e r i f y  whether t h i s  i s  g e n e r a l l y  t h e  case. 

conversion. However, the observed f i f t e e n  minute c a t a l y t i c  convers ion i s  lower  
than t h e  n o n c a t a l y t i c  conversion. 
n o n c a t a l y t i c  convers ion a t  l onger  r e a c t i o n  t imes s ince  t h e  c a t a l y t i c  convers ion 
continues t o  increase whereas t h e  n o n c a t a l y t i c  convers ion decreased w i t h  l onger  
r e a c t i o n  times. 

conversion. One comp l i ca t i on  i s  due t o  chemical changes i n  t h e  c a t a l y s t  d u r i n g  
the  r e a c t i o n  per iod.  
and t r a n s f e r r e d  t o  the  r e a c t o r  i n  a d r y  box. However, t h e  c a t a l y s t  i s  s u l f i d e d  
t o  some ex ten t  du r ing  the  r e a c t i o n  per iod.  The c a t a l y s t  used f o r  t h e  60 minute 
run contained, a f t e r  t h e  Soch le t  e x t r a c t i o n ,  one w t . %  su l fu r .  However, t h i s  
amount o f  s u l f u r  can account f o r  o n l y  a small  f r a c t i o n  o f  t h e  lower  convers ion 
observed a t  t he  15 minute r e a c t i o n  t ime.  
on the Co-Mo/A1203 c a t a l y s t  a re  respons ib le  f o r  apparent low convers ion much t h e  
same as observed i n  t h e  r u n  w i t h  Kentucky No. 9 coal w i t h  t h e  ceramic ma te r ia l .  
The c a t a l y s t  may cause coke depos i t i on  more r a p i d l y  than the  ceramic m a t e r i a l  s ince  
the c a t a l y t i c  convers ion i s  h ighe r  a t  a l l  t imes than t h e  n o n c a t a l y t i c  convers ion 
a t  60 minutes w i t h  ceramic ma te r ia l  present. I n  a d d i t i o n ,  t h e  "coke" on t h e  
c a t a l y t i c  m a t e r i a l  appears t o  be s low ly  hydrogenated t o  y i e l d  gaseous and l i q u i d  
products a t  h ighe r  conversions as t h e  r e a c t i o n  t ime increases. 

There a re  a number of p o s s i b i l i t i e s  t o  e x p l a i n  why t h e  c a t a l y t i c  convers ion 
i s  lower than t h e  n o n c a t a l y t i c  convers ion a t  e a r l y  r e a c t i o n  t imes. 
reason f o r  t h i s  may be due t o  a r a p i d  c a t a l y t i c  convers ion t o  secondary products  
compared t o  the  convers ion o f  coal  t o  p r imary  products. 
conversions o f  p r imary  l i q u i d  products a r e  hydrogen consuming, i t  i s  poss ib le  
t h a t  t he  hydrogen donor s o l v e n t  (and/or hydrogen) i s  dep le ted  t o  the  p o i n t  where 
the  pr imary coal l i q u e f a c t i o n  i s  h indered because o f  lower  hydrogen concentrat ion.  

The c a t a l y t i c  convers ion o f  a coal  should be more r a p i d  than t h e  n o n c a t a l y t i c  

The c a t a l y t i c  convers ion a l s o  d i f f e r s  from t h e  

The c a t a l y t i c  convers ion i s  more d i f f i c u l t  t o  e x p l a i n  than t h e  n o n c a t a l y t i c  

I n  the  present  runs t h e  c a t a l y s t  was prereduced a t  5OO0C 

One p o s s i b i l i t y  i s  t h a t  "coke" depos i t s  

Another 

S ince these c a t a l y t i c  

TABLE 1 

ULTIMATE AND PROXIMATE ANALYSIS 

PROXIMATE 
ANALYSIS (WT.%) 

Mois ture 
Ash 
VM 
FC 

KY-9 COALa 

1.7 
10.9 
42.1 
45.3 

KY-11 COALb 

6-47' 
9.81 

38.4 
45.7 

ULTIMATE 
ANALYSIS (WT.%) 

C 66.5 66.89 
H 4.9 4.63 
N 0.9 0.54 
S 4.3 3.11 

a C a l o r i f i c  value, 12,230 BTU/lb. 

b C a l o r i f i c  value, 12,310 BTU/lb. 

'As rece ived  basis. 
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The SRC conversion data i n  F igu re  5 was obta ined i n  the  W i l s o n v i l l e ,  Alabama 
6 ton lday demonstrat ion p l a n t  (10)- and t h e  H-coal data was obta ined i n  the  3 ton/  
day PDU a t  Hydrocarbon Research, I nco rpo ra ted  (11). The conversion, compared on a 
hydrogen consumption bas is ,  i s  l ower  f o r  t he  runs w i t h o u t  a c a t a l y s t  than when a 
c a t a l y s t  was used. 
ma te r ia l s .  Thus, i t  appears t h a t  t h e  da ta  obta ined i n  the  n i c roau toc lave  show the 
same t rend  as obta ined i n  t h e  much l a r g e r  reac to rs .  

The conversions i n  bo th  runs were based on p y r i d i n e  s o l u b l e  

1. 

2. 

3. 
4. 
5. 

6. 

7. 

a. 
9. 

10. 

11. 

REFERENCES 

Storch, H.H., L.L. F i s h e r  and G.C. Sprunk, "Hydrogenation and L i q u e f a c t i o n  o f  
Coal ," U.S. Bureau of  Mines, 1941, Tech. Paper 622. 
F isher ,  C.H., G.C. Sprunk, A. E isner ,  H.J. O'Donnel, "Hydrogenation and 
L ique fac t i on  o f  Coal," U.S. Bureau of 'Mines,  1942, Tech. Prog. Report 642. 
Stopes, M.C., Roy. SOC. London, Proceedings, Ser ies 6, 1919, V ,  90. 
Storch, H.H., I n d u s t r i a l  and Engineer ing Chemistry, 1937, 29, No. 12, 1376. 
Given, P.H., D.C. Cronauer, W. Spackman, H.L. L o v e l l ,  A. Davis and B. Biswas, 
Fuel 1975, 54, 34. 
Given, P.H., D.C. Cronauer, W. Spackman, H.L. L o v e l l ,  A. Davis and B. Biswas, 
Fuel 1975, 54, 40. 
Given,  P.H., W. Spackman, A. Davis, P.L. Walker, H.L. L o v e l l  and M. Coleman, 
"The Re la t i on  o f  Coal C h a r a c t e r i s t i c s  t o  L i q u e f a c t i o n  Behavior," 1976, FE 

Given, P.H., W. Spackman, A. Davis, P.L. Walker, H.L. L o v e l l  and M. Coleman 

Schal l ,  J., "Compilat ion and Assessment o f  SRC Experience: 

Weber, W.H., J.W. Roberts, G.B. Vsnick, B.H. C o t t l e ,  Jr.,  C.T. Harwel l ,  M.R. 
Hol lenack, C.R. Mcl lwain,  A.K. Rao, C.G. Churchman, F.L. Pate and G. Haider, 
EPRI AF-918, Nov., (1978), page 191. 
H-Coal I n teg ra ted  P i l o t  P lan t ,  Phase 1, F i n a l  Report, Vol. 11, J u l y  (1977). 

2494- 1. 

1977, FE 2494-2. 

1979, E P R I  AF-1019. 
Data Book," 

90 



1/16" dia.  Thermocouple 
/- 

l a s s  Liner Tube 

,,-/Reactor Wall, SS-316 

Figure 1. 
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A schematic drawing of the  bottom portion 

' ""I 

Reaction time 15 min. 
Kentucky Coal #11 
Toluene/coal = 2/1 w t .  
nonca ta  l y t  i c  conv. 
i n i t i a l  H2 press. 500 psig 
pa r t i c l e  s i ze  16-35 mesh 

I 
0 
I 

0 1  I I I I 

350 400 450 500 

TEMPERATURE ( O C )  

Figure 2. 
reaction a t  f i f t e e n  minutes reaction time. 

The dependence on the  conversion f o r  the noncatalytic 
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KINETICS AND MECHANISMS OF THE HYDROLIQUEFACTION OF COAL: 
ILLINOIS NO. 6, BURNING STAR COAL IN SRC-I1 HEAVY DISTILLATE* 

M. G. Thomas and T. C. Bickel 

Sandia National Laboratories, Albuquerque, NM 87185 

Introduction 

Four major industrial processes are currently being applied to 
Coal liquefaction at the demonstration level, H-Coal1, Exxon Donor 
Solvent (EDS)2, plvent Refined Coal I (SRC-I) and Solvent Refined 
Coal.11 (SRC-11) . One of the reasons for parallel development of 
these processes is the lack of basic understanding of the reaction 
mechanisms, activation energies, and rates of reaction of coal lique- 
faction. We have begun a multifaceted program to delineate informa- 
tion on a number of coal-solvent combinations in order to develop a 
process kinetic model for coal liquefaction that will better enable 
process designers to make sound technical decisions. 

and activation energies for one coal--Illinois No. 6, Burning Star 
high volatile bituminous coal--and one solvent--coal-process derived 
SRC-I1 Heavy Distillate (450-850OF distillation range). Coal to sol- 
vent ratio, reaction time, temperature, and pressure are variables in 
a parametric study between 275OC and 475OC. Two different types of 
reactors were employed, a microreactor system for screening and a 
continuous flow reactor for the derivation of kinetic data. No attempt 
to generalize the results is made; although the autors believe that 
the descriptions contained are applicable to other systems. Generali- 
zations will be attempted as the overall study continues. 

The present study has been conducted to obtain rates of reaction 

Experimental 

Illinois No. 6, Burning Star Mine coal was used in all experiments. 
The coal was ground to -45 mesh and riffled into 1 gallon containers. 
Proximate and ultimate analyses are provided in Table I. The lique- 
faction solvent used was untreated SRC-I1 heavy distillate received 
from the Ft. Lewis, Washington Pilot Plant. Elemental analysis, 
gravity, and boiling range is provided in Table 11. Although the 
solvent was a 450-850°F cut, it contained % 5-10% pentane insoluble 
material. The solvent was received in 55 gallon drums, rolled, and 
transferred to 5 gallon cans from where it was sampled. 

and the effects of solvent/coal ratio on conversion. The microreactors 
have a total volume of % 20 cm3, and are designed to operate between 
0-2000 psi hydrogen and 25-500OC. The total mass of the reactors is 
0.6 Kg. A Tecann fluidized bed sand bath is used for rapid reactor 
heating and provides a 2-2.5 minute heat-up time. A water quench 
provides a 90 sec quench between 4 0 0 °  and 5OOC. Wrist-action shaking, 
'I, 300 cpm, with a 2-inch stroke, is used for mixing. Mass balances 
are routinely within 1% based upon total reactor charge. 

Data for the rates of reaction and activation energies were 
obtained using a non-recycle continuous flow tubular reactor, Figure 1. 
The reactor consists of 4 independently heated stages (.203" ID heli- 
cal coils) and was operated isothermally at 400°, 425', 450°, and 47SoC, 

* This work supported by the U.S. Department of Energy. 

Microreactors were used to study the initial dissolution of coal 
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Tab le  I. P rox ima te  and  U l t i m a t e  A n a l y s i s  o f  I l l i n o i s  N o .  6 

Proximate  A n a l y s i s  W t  % 

M o i s t u r e  3 .41  
Ash 10.39 
V o l a t i l e  36.70 
F ixed  Carbon 49.50 

Burn ing  S t a r  Coal  

U l t i m a t e  A n a l y s i s  W t  % 

M o i s t u r e  3 .41  
Carbon 69.90 

N i t r o g e n  1.15 
C h l o r i n e  0.07 
S u l f u r  3.06 
Ash 10 .39  

Hydrogen 4.59 

Oxygen ( d i f  f )  9.43 im-m 
S u l f u r  Form W t  % 

P y r i t i c  1.11 
S u l f i d e  0.09 
Organ ic  ( d i f f  1 1.86 
Total S u l f u r  3.06 

T a b l e  11. A n a l y s i s  o f  SRC-I1 Heavy D i s t i l l a t e  

Ash ( 9 )  0 . 0 5  
Carbon ( 8 )  89.8  
Hydrogen (%) 7.6 
N i t r o g e n  (%)  1 . 4  
S u l f u r  ( % I  0.4 
Oxygen ( % I  1.8 

P e n t a n e  I n s o l s  6% 

D i s t i 1 1'a t e  86 .5  850'F 
Y i e l d  

a t  coal p l u s  s o l v e n t  mass flowrates of 0 . 7  t o  6 l b / h ,  hydrogen  p r e s -  
s u r e  of 2000 p s i ,  and g a s  f l o w r a t e s  o f  10-200 MSCF per t o n  of  coal. 
Reac t ion  t e m p e r a t u r e s  are p r e d i c t e d  t o  be  a t t a i n e d  w i t h i n  6 .5  f t  of  
t h e  r e a c t o r  i n l e t  and t h e  t o t a l  l e n g t h  o f  t h e  reactor was v a r i e d  
between 10-83.5 f t .  L i q u i d  and g a s  samples  a r e  o b t a i n e d  s e p a r a t e l y  
a t  a tmosphe r i c  p r e s s u r e .  
o f  samples  wi thdrawn a t  s t e a d y  s t a t e  c o n d i t i o n s ;  i . e . ,  a f t e r  1 .5  h a t  
f i x e d  r e a c t o r  o p e r a t i n g  c o n d i t i o n s .  The c o a l  d e r i v e d  p r o d u c t s ,  ob- 
t a i n e d  a t  t h e  c o n c l u s i o n s  of t h e  r u n s ,  were e x t r a c t e d  e x h a u s t i v e l y  
i n t o  p e n t a n e - s o l u b l e  ( o i l ) ,  b e n z e n e - s o l u b l e  p e n t a n e - i n s o l u b l e  ( a s p h a l -  
t e n e ) ,  THF-soluble b e n z e n e - i n s o l u b l e  ( p r e a s p h a l t e n e ) ,  and THF-insolu- 
b l e  ( i n o r g a n i c s  + IOM) f r a c t i o n s .  Elemental a n a l y s e s  w e r e  p rov ided  

Data r e p o r t e d  a r e  o b t a i n e d  from a n a l y s e s  
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by Huffman Laboratories. Viscosities were measured with a Brookfield 
model LVT viscometer. Gas samples were obtained at all conditions and 
analyzed with an nP 5840 gas chromatograph equipped with a TC detec- 
tor. The columns are teflon-lined aluminum packed with 800-100 mesh 
Poropak q.5 

Results and Discussion 

In order to establish a kinetic model for coal liquefaction, we 
have endeavored to determine a stepwise reaction mechanism. The pro- 
posed first step is the dissolution of coal. Data from microreactor 
runs in the temperature range 275°-3750C--below typical liquefaction 
temperatures--are presented in Table 111. There is a small solubility 
of coal in the solvent at low temperatures, and marked increases at 
temperatures between 275OC and 35OOC. Equilibrium in terms of gas 
make and solubility are attained rapidly. Up to 350'C the SRC-I1 
solvent is depleted. 
metry of the coal-solvent reaction can be estimated by weight loss of 
solvent and net THF sols. Based upon these data, it appears that the 
reaction can be represented as 

Solvent is a reactant with c0al.l The stoichio- 

1 Coal + 3 Solvent + 3 Preasphaltene. 

This stoichiometry is also consistent with published values for mole- 
cular weights of solvent (250), preasphaltene (1000) , and coal (2250)6. 
The stoichiometry and approximate molecular weights establish a mass 
balance for the initial dissolution step. It is also seen that it is 
primarily the pentane insoluble fraction of the initial solvent--the 
heavier, more functional portion--that reacts with coal in this initial 
reaction. 

asphaltene. In a recent study, reactions of preasphaltene and asphal- 
tene obtained from liquefaction experiments with another Illinois No. 6 
coal, River King, were shown to react thermally 

Preasphaltene + Asphaltene 400-425OC 
Asphaltene + Oil. 

The second reaction step appears to be the decomposition of pre- 

10-15 minutes 7 

Both coal-derived substrates appear to react in a series reaction path, 
ultimately producing oil. Thus, the mechanistic reaction path used 
for subsequent kinetic analysis is 

1 Coal + Solvent- Preasphaltene 
Oil- Asphaltene 2 

Although the production of gas accompanies each step, the primary gas 
production occurs at short time and is primarily (in terms of mass) 
associated with coal. 

Kinetics Treatment 

The coal liquefaction reaction kinetics were determined using data 
from a non-recycle continuous tubular flow reactor (Figure 1). The 
reaction mechanisms were the result of the microreactor experiments 
previously described. The scale-up to the continuous flow reactor is 
necessary for reaction kinetics in order for industrial application of 
the results because the microreactor eliminated aspects of the overall 
reaction scheme such as hydrogen mass transfer, and multiphase flow 
regimes, and mixing. 
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1 

Run 
No. 
1 
2 

3 
4 

. 5 
6 
7 
8 

9 

T a b l e  111. Microreactor Data from L i q u e f a c t i o n  R u n s  Between 215-375°C 

Run 
Temp 

OC 
275 
300 
300 
325 
325 

- 350 
375 
315 

Blank 

rameters 

Time 
6.5 min 
6.5 min 
26 rnin 
6.5 rnin 
26 rnin 
6 .5  min 
6 .5  min 
26 min 

- 

- 
Gas - 

c02 - 
1 . 4 9  
1 . 2 5  
1.85 
1 .32  
1 . 8 3  
1.84 
2.30 
2.12 

- 

- 

'1-'4 PreA 

.50 
.04 
.03  
.09 
.11 
.47 
1 .29  

-59  
, 4 1  

.60 

.65  
- 9 2  
.90 

- I o  

Produl 
THF 

I n s o l s  
2.3 
2 .1  
2 . 1  
1 . 7  
1 . 6  
1 . 5  
1 .2  
1 .0  

2.67 

, W t  - 
g& 
- 
.46 
. 3 1  
.48 
.38 
. 6 1  
- 
- 

.58 

g 
- 
4.7 
5.0 
5.2 
5.2 
5 . 1  
- 
- 

4 . 8  

- 

Convers  

Toluene  
- 

-1 
-1 

1 5  
11 
1 6  
- 

- 

- 

- 
,n 
THF 
1 5  
24 
24 
40 
44 
4 4  
6 1  
10  

- 

- 

Because o f  t h e  c o m p l i c a t e d  m u l t i p h a s e  f l o w  i n  t h e  reactor ,  w e  
are u n a b l e  ( a t  t h i s  t i m e )  t o  q u a n t i t a t i v e l y  d e t e r m i n e  t h e  r e s i d e n c e  I 

t i m e  of each r e a c t a n t  p h a s e  i n  t he  reactor. As a c o n s e q u e n c e ,  reac- 
t i o n  t i m e s  are  e x p r e s s e d  a s  space t i m e ,  8 ,  i . e . ,  

3 Volume o f  Reactor f t  -hr 
C o a l / S o l v e n t  S l u r r y  Mass F l o w r a t e  (r ) e =  

It i s  p o s s i b l e  t o  d e t e r m i n e  t h e  a c t i v a t i o n  e n e r g y  o f  t h e  v a r i o u s  
l i q u e f a c t i o n  r e a c t i o n s ,  b u t  t h e  p r e - e x p o n e n t i a l  m u l t i p l i e r  ( f r e q u e n c y  
factor)  i n  t h e  A r r h e n i u s  t y p e  r a t e  c o n s t a n t  w i l l  be a f u n c t i o n  of t h e  
s p a c e t i m e  and t h e r e f o r e  i s  q u e s t i o n a b l e  when u s e d  i n  o t h e r  r e a c t o r  
sys tems.  

o u s l y  d e s c r i b e d .  The p r o d u c t  s l a t e  f rom t h e  reactor w a s  found t o  be  
i n d e p e n d e n t  o f  t h e  g a s  f l o w r a t e  o v e r  t h e  r a n g e  u s e d  (10-200 MSCF/ton 
c o a l ) .  
p h a s e  was i n s i g n i f i c a n t  f o r  t h i s  work and  was e l i m i n a t e d  from t h e  
f u r t h e r  c o n s i d e r a t i o n .  The k i n e t i c  p a r a m e t e r s  were e s t i m a t e d  u s i n g  a 
n o n - l i n e a r  m i n i m i z a t i o n  algorithm ( P o w e l l ' s  con j u g a t e  g r a d i e n t  method81 
i n  c o n j u n c t i o n  w i t h  a Runga K h u l t a  7/8 n u m e r i c a l  i n t e g r a t o r .  
upon t h e  r e a c t i o n  mechanism a n d  s t o i c h i o m e t r y  d e t e r m i n e d  from t h e  
microreactors, a component mass  b a l a n c e  c a n  be w r i t t e n  f o r  t h e  

The d a t a  o b t a i n e d  u s i n g  t h e  f l o w  reactor were a n a l y z e d  as p r e v i -  

Thus,  hydrogen  t r a n s f e r  f rom t h e  v a p o r  p h a s e  t o  t h e  l i q u i d  

Based 

- k2 

- 0  SI 



where: [C] = weight fraction in whole liquid product (WLP) 

of coal 
[PI = weight fraction in wLP of preasphaltene 
[A] = weight fraction in WLP of asphaltene 
[SI = weight fraction in WLP of solvent 
[GI = weight fraction gas (C1-C4, CO, COz, H 2 S )  

3 t = space time (hr ft /lb,,,) 
kl-k7 = Arrhenius rate constants. 

The reaction rate constants k -k were determined numerically 
using the data obtained from the t&bu?.ar flow reactor at a given 
reactor isothermal operating condition (i.e., Figure 2 as an example). 
For a given set of k -k7, the concentration profiles as a function of 
space time of IC], [ & I ,  [AI, IS], and [GI can be obtained by numeri- 
cally integrating the mass balance equation (eqns 1-5) using the 
concentration profiles. By using the deviation between the calculated 
and experimental concentration profiles as the objective function of 
an unconstrained minimization algorithm, e.g., 

* 
where: Cij = weight fraction of component j at space time ti 

C. (t ) = calculated weight fraction of component j at 
7 i  

time ti 

n = number of components (n = 5 )  
m = number of experimental data points 

an optimal set of reaction rate constants kl-k7 can be obtained. 
technique in effect chooses the best set of k -k in order that the 
deviation between the experimental and calculate2 concentration pro- 
files is minimized. A set of optimal reaction rate constants is 
obtained for each isothermal reactor data set. Shown in Figure 2 are 
the experimental data and the calculated concentration profiles of the 

The 
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-coal, preasphaltene, asphaltene, solvent, and gas components obtained 
during the 450OC isothermal reactor run. Here, agreement between the 
experimental data and the predicted concentrations is within experi- 
mental precision, 2 2 %  absolute. The treatment considers isothermal 
conditions and the initial preasphaltene and IOM concentrations are 
extrapolated from tubing reactor experiments. Activation energies 
for the series reactions are presented in Table IV. 

Table IV. Activation Energies for Selected Liquefaction 

Activation Energies Reaction 
15 Preasphaltene + Asphaltene 
21 Asphaltene -+ Oil 
32 Coal + Preasphaltene 

Activation energies are obtained from an Arrhenius treatment of rate 
constants obtained at four temperatures, 400, 425, 450, and 475'C. 
The treatment of the entirety of these data is beyond the scope of 
this presentation and can be found elsewhere.9 

Reactions 

Summarv 

We have shown that the liquefaction of Illinois No. 6 Burning 
Star coal in SRC-I1 Heavy Distillate procedes via a series reaction: 

Gas 

-> Preasphaltene-Asphaltene 
Solvent 
t 

From parametric studies in tubing reactors and a continuous tubular 
flow reactor, we have calculated stoichiometries, rate constants, and 
activation energies. The stoichiometries for the reaction at 45OOC 
were 

Coal t 3 Solvent -+ Preasphaltene 
Preasphaltene + 2 Asphaltene 
Asphaltene + 3 Oil 

Activation energies for the preasphaltene and asphaltene conversions 
are 15 and 21 Kcal/mole, respectively. 
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Figure2. Experimental data and model predictions of 
Concentrations as a function of time. 
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Chemical Changes In Coal Liquefaction 

N. C. Deno, Kenneth W. Curry, J. Edward Cwynar, A. Daniel Jones, Robert D. Minard, 
Thomas Potter, Walter G. Rakitsky, and Karen Wagner 

Department of Chemistry, Pennsylvania State University, University Park, 
PA 16802 

Mobil Research and Development Corp. supplied five coals and their soluble 
and insoluble fractions after 3 mins solvent refining and their soluble 
fraction after 90 mins solvent refining. All samples were oxidatively 
degraded with CF3C03H-H2S04. The major effects of solvent refining on molecular 
structure were the large increases in arylmethyl, arylphenyl, and total aromatic 
material. 

Liquefaction (solvent refining) of coal involves thermolysis of benzyl-oxygen 
and/or benzyl-benzyl bonds as the first step in the depolymerization. This 
view derives from NMR studies1, studies with model compounds1r2, and oxidative 
degradations with Na2Cr 073 and CF3C03H24. The oxidative degradations with 
CF3C03H are now extende8 to five new coals. 
the original coal, the soluble and insoluble fraction after 3 mins. and the 
soluble fraction after 90 mins. The data are summarized in Tables 1 and 2. 

The best method for determining the amount of arymethyl groups in coals is 
from the yield of acetic acid formed in oxidative degradation with CF3C03H-H2S044-6. 
The data from this method are shown in Table 1. 
interpretations are made. 

Products have been determined from 

The following observations and 

1. A sharp increase in arylmethyl accompanies liquefaction in all five 
coals and in two coals which were studied earlier4. 
of thermal cleavage to benzyl radicals and abstraction of hydrogen atoms by the 
benzyl radicals to form arylmethyl. 

This increase is the result 

2. All five coals give about the same percenta3.e increase in arylmethyl 
after 90 mins nf sclvert refining, but not after 3 mins. This indicates that 
benzyl radicals form from more than one type of structure. Arylmethyl formation 
is 87-99% complete in the last three coals in Table 1 after 3 mins whereas it is 
only 33% and 50% complete in the first two coals. Based on studies of model 
compounds1t2, it is attractive to ascribe arylmethyl formation in 3 mins to 
cleavage of benzyl ethers and slower cleavage to bibenzyl structures. Despite 
the obvious oversimplification, this is the best estimate as yet of the rela- 
tive amounts of C-0 and C-C cleavage. It is also direct evidence for bibenzyl 
structures in PSOC 372 and 330 and the first direct evidence for such structures 
in any coal. 

3. It might have been expected that the more arylmethyl, the more 
cleavage, and the more SRC. In fact the opposite is shown in Table 1. The 
conflict would be resolved if coal liquefaction depended more on certain critical 
cleavages and the conversion of a 3-dimensional polymer to a 1-dimensional 
polymer than on the total amount of cleavage and the extent of depolymerization. 

4. The amount of arylmethyl in the residue (3 min) is about the same as 
in the original coal. 
liquefaction as expected. 

This indicates that arylmethyls do not play any role in 
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5. No higher homologs of acetic acid were observed indicating the 
absence of arylalkyls above methyl. 

The data in Table 2 show that biaryl structures are rare or absent in the 
original coals but appear in significant quantity on liquefaction. 
most evidence for this are the changes in yields of benzoic acid (column 136). 
This product was not observed from any of the five coals, but it was an important 
product from SRC (solvent refined coal). Model studies have shown that benzoic 
acid forms from biphenyl and other biaryls in which one of the phenyl rings is 
unsubstituted. It does not form from alkylbenzenes, a variety of polyaromatics, 
and many other model compoundsbf6. 

There are three other products in Table 2 whose appearance or increase indi- 
cate biaryl structures. These are benzene-1,4-dicarboxylic acid (194b). 
benzene-1,3-dicarboxylic acid (194c), and benzene-1,3,5-tricarboxylic acid 
(310b). All have non-adjacent carboxyl groups. These are more characteristic 
of biaryl structures in contrast to fused aromatics which form products with 
adjacent (1,2) carboxyls. 

We interpret the appearance of simple phenyl substituents to the reductive 
removal of the heteroatom in benzthiophenes, benzfurans, and possibly 
benzpyrroles. If one of the benz rings is unsubstituted, such a reductive 
hydrogenolysis would create a simple phenyl group attached to the remaining 
polymer by a biphenyl type of bond. While phenyl groups would also be generated 
by hydrogenolysis of fluorenes, fluorenes are expected to be stable under the 
conditions of liquefaction. 

On the basis of oxidative degradations of Illinois no. 6 and Wyodak coals 
before and after liquefaction, it was concluded that the aromatic structure 
increases on liquefaction4. 
(benzene-1.2-dicarboxylic) acid, which is the dominant product from most 
polyaromatic systems'. 

The increase in aromatic structure is also shown by certain lactones which are 
minor products from oxidation of a variety of polyaromatic hydrocarbons5. 
They appear from oxidation of the solvent refined samples but not from the 
original coals (Table 4). 

Oxidation of coals with 40% HNOs at 60' provides a reliable method for 
determining the amounts and lengths of linear alkane chains in coals by 
converting such chains to linear diacids of two less carbons7. As expected, 
the amounts and lengths showed no change on solvent refining on Illinois no. 6 
Monterey coal. 

Illinois no. 6 Monterey coal and Wyodak coal showed marked decreases in the 
yields of succinic acid after solvent refining4. 
showing a marked decrease in dihydrophenanthrene structures. This decrease 
in succinic acid product is not shown by the five coals in Table 2 .  
possible that dihydroaromatic structures donate hydrogen to benzyl radicals 
but are regenerated by transfer of hydrogen from solvent to the coal polymer. 

The fore- 

The evidence was an increase in phthalic 

This was interpreted as 

It is 
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EXPERIMENTAL 

The samples were kindly provided by Dr. D. D. Whitehurst of Mobile Research 
and Development Corporation. The parent coals were bituminous and had been 
originally obtained from the Penn State Coal Base and carry their code number. 

The procedure for oxidation with CF3C03H-H,S0, is identical to that reported 
earlier'. The analysis and conversion to methyl esters was modified as follows. 

The acetic acid was determined from the proton magnetic resonance 
spectrum of the filtered reaction mixture. The area of the acetic acid peak 
was compared to the area of the peak of a weighed amount of DSS as originally 
described'. This method is preferable to the distillation method5 providing 
line broadening is not too severe. 

The isolation of the methyl esters has been made more quantitative by modi- 
fying the procedure for isolation. The removal of volatile material and the 
conversion to methyl esters was unchanged'. 
in methanol, 100 cm3 of saturated aqueous NaCl was added and the mixture 
extracted with three 35 cm3 portions of CHzC12. 
were washed with 100 cm30f 3% NaHC03 followed by washing with saturated aq. 
NaC1. A weighed amount of acetophenone was added as an internal standard. 
The solution was dried over MgSOs. 
chromatogram were calculated from effective carbon numbers as before'. 

3 After esterification with BF 

The combined CHzClZextracts 

The responses to the detector in the gas 
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Table  1 Yie lds  o f  a c e t i c  a c i d  from o x i d a t i v e  
deg rada t ions  wi th  CF CO H-H2S04 3 3  

Penn S t a t e  c o a l  b a s e  numbera 

372 330 256 312 405 
Kentucky Penn. Penn. Arizona Oklahoma 
Imboden Middle Lower Red Lower 

Name K i t t a n i n g  F r e e p o r t  Har t sho rne  

% l i q u i f i e d a  79 70 65 51 25 
( 3  min) 

% C (maf) 85.9 83.5 88.2 ' 78.4 89.8 

rank  HVA HVB med. v o l .  HVC low v o l .  

Yie ld  o f  acet ic  a c i d  (meq. p e r  g of rnaf) b 

pa ren t  c o a l  0.44 0.33 0.31 0.42 0.31 

SRC ( 3  min) 0.77 0.74 1.05 1.46 1.51 

SRC (90 min) 1 .45 1.15 1 . 0 6  1.60 1.69 

r e s i d u e  0.33 0.41 0.27 0.27 0.24 
( 3  min) 

aSamples and l i q u e f a c t i o n  d a t a  were supp l i ed  by D .  D.  Whi t ehur s t ,  

bThe pe rcen tages  of moi s tu re  (m) and ash  ( a )  a r e  a v a i l a b l e  from t h e  

Mobil Research and Development Corp. 

Penn S t a t e  Coal  Base computer p r i n t o u t s .  
n e g l i g i b l e  moi s tu re  o r  ash. I n  c a l c u l a t i n g  t h e  y i e l d s  o f  a c e t i c  
ac id  from the  r e s i d u e ,  i t  w a s  assumed t h a t  all of t h e  a s h  i n  t h e  
c o a l  w a s  r e t a i n e d  i n  . the  r e s i d u e  i n  c o r r e c t i n g  t o  a maf (moi s tu re  
and ash f r e e )  b a s i s .  

The SRC samples had 

106 



I 

Q 
3 

m 
3 
i 
.l 

Q 
u 
A 
U 

td 
U 
A 
\1 

0 

u 
. 
0 
P 

-I 
n 

n 
n Q 

-I 

m 
P n 
-I 

0 n 
-I N 

4 N 

ld 
I) 

* 
3 
N 

9 ?-I 

d 

9 
U 
rl 

N 
m 
rl 

N 
U 
(0 

rl > 
5 
E 
v( 
0 

52 

; ? 7 ?  
I O 0 0  

I "ip: 
I o r l o  

I r.r lL! l  
I . . .  
I O r l O  

7?7? 
0 0 0 0  

?'9?'? 
o o o r l  

0 VI 

?* 
3: 
0 u 
h u 
c U 

.rl 
3 

m 

m 

; 
.rl 
U 
m 
a 
t4 
M 

a 
m 
3 v i  
U 
m 
a .rl 
x 

E 
t4 

W 

rd 
v) u 
U 
1 a 
h a 
v( 
0 

n 
W 

E 
M 

a 
M 
E 

w 

v) 

'd rl 

.rl 
h 
m 
U 
3 .-I 
0 
v) 
P 
4 

N 

0 
rl 
P 

F 

a - u m  
d d U 4  
. . . .  ? ? ? 4  

N m O N  

t q m m  . .  
r l O N N  

o n m r l  . . . .  
rlu'Na 

'm..-j. I 
I O N  I 

I ' r l . 1  
I \  I 
I 1 0 1  

I N ?  I 
I .  1 
1 0 0  I 

N * " ? r l N  . .  
0 4 0 0  

? N ?  1 
0 0 0  I 

m0r .m . . . .  
m m a m  

m o m N  
r l a m ~  
. . . .  m m o ?  

m m ~ r .  
. . .  

d 

cn-n \D  
O N r n d  
. . . .  

u m r n a  . . . .  
O d N O  

? N ? ?  
m r . m o  

rl 

c o \ D a \ D  . . . .  
o ~ m m  

tnr. i m  
. . I .  

O N  I d  

I q u u  
I * .  
I O N 0  

N u m u  
O N U O  
. . . .  m m r n u l  

o r l m o  
. . . .  ? '9? 

I W N O  

cn\DoIuY . . . .  
o m a r l  

I I 1 0  
I l l  - 
I I I d  

N O N r .  

O N m d  
. . . .  I I ' p :  

I l l  
I I 1 0  

?"? 
d N U N  

m q m a  . . .  
N O N O  

rl 

m u m -  . . . .  
0 0 0 0  

U 3 r . N . Y  

d O O N  
. . . .  

rl 

a m o N  . . . .  
o o r l o  

Y??? 
o o a u  
rlrl 

c o m m a  
d o d o  
. . . .  r.r.m- 

0 0 0 0  
. . . .  4 q m m  

O d d 0  
. . . .  

? : m ~  . .  
N r l O r l  

; ? a ? :  
I m u r l  

m m m u  . . . .  
U N U m  

drl 

r n r - b m  
m a r l u  
. . . .  

rl r l d  

m r - m r .  . . . .  
u r n - 0  

r.mr.a 
horn" 
drlr l  

. . . .  

107 



Table 3 Identification of  products in Table 2 
- -__ 

Mw of Relative GC Name of corresponding acid (X is COOH) 
methyl ester ret. time 

132 3.20 malonic acid (XCH2X) 

14 6 4.60 succinic acid (XCH2CH2X) 

13 6 5.15 benzoic acid 

204 9.23 1,1,2-ethanetricarboxylic acid 

218a 10.54 1 ,2 ,3 -p ropane t r i ca rbosy l i c  acid 

218b 10.97 oxiranetricarboxylic acid 

194a 11.10 benzene-1,2-dicarboxylic acid 

194b 11.33 benzene-1,4-dicarboxylic acid 

194c 11.58 benzene-1,3-dicarboxylic acid 

276 14.33 oxiranetetracarboxylic acid 

252a 15.79 benzene-1,2,4-tricarboxylic acid 

252b 16.14 benzene-1,3,5-tricarboxylic acid 

310a 19.18 benzene-1,2,4,5-tetracarboxylic acid 

310b 19.50 benzene-1,2,3,5-tetracarboxylic acid 
====-- 
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Table 4 (continued) 

aThe following identifications (somewhat speculative) are based on 
from chemical ionization mass spectra, the number of carbonyls 

from the PlW of the CD30H ester, and fragmentation in electron 
impact mass spectra. 
,and the following names are of the corresponding carboxylic acids: 
-209, 3-carboxypyr id ine-2-ace t ic  acid; 239, pyridine-2,x,y-tri- 
carboxylic acid (the 2-COO11 does not esterify); 253, pyridine-3,4,5- 
tricarboxylic acid; 297, pyridine-2,3,4,5-tetracarboxylic acid (the 
2-COOH does not esterify); 311, a pyridinetetracarboxylic acid. 

follows: 192, 2'-carboxyphenyl-2-hydroxyacetic acid ( a  major 
product from naphthalene); 250b-e, analogs of 192 with an additional 
carboxyl on the benzene ring (one at each of the four positions); 
264, 2'-carboxyphenyl-3-hydroxypropanoic acid; 308a and b, analogs 
of 192  with two carboxyl groups on the benzene ring; 322, the analog 
of 264 with an additional carboxyl group on the benzene ring. 

The MW's in the Table are of the methyl esters 

The lactones (named as the corresponding hydroxy acid) were as 
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SOLUBILT.ZATION OF COALS By NON-REDUCTIVE ALKYLATION I N  LIQUID 
AMMONIA 

M. Gawlak, N. Cyr, D. Carson and B.  Ignas iak  

Alber ta  Research Council 
11315 - 87 Avenue 
Edmonton, A l b e r t a ,  Canada 

I n  a prev ious  communication we r e p o r t e d  t h a t  a major  p o r t i o n  
of  a low rank v i t r i n i t e  (80.8% C, da f )  could be  converted t o  ch lor -  
oform s o l u b l e  products  by non-reduct ive e t h y l a t i o n  i n  l i q u i d  ammo- 
n i a  (A). This  paper  p r e s e n t s  t he  r e s u l t s  of o u r  more in-depth s t u -  
d i e s  on non-reduct ive a l k y l a t i o n  of f i v e  Cretaceous and two Carbon- 
i f e r o u s  c o a l s .  To a s s i s t  i n  unders tanding  of t h e  chemical a s p e c t s  
of t h e  non-reduct ive a l k y l a t i o n ,  which h a s  been only  margina l ly  
explored i n  o r g a n i c  chemistry,  a c o n s i d e r a b l e  amount of work was 
c a r r i e d  o u t  on a l k y l a t i o n  of  v a r i o u s  model compounds. 

Experiment a 1  

The p a r t i c l e  s i z e  of  c o a l  samples was reduced t o  below 300 mesh 
and, p r i o r  t o  r e a c t i o n ,  t h e  samples were d r i e d  i n  vacuo (13 pas- 
c a l s )  a t  7OoC. The r e a c t i o n  w a s  conducted under p r o t e c t i v e  cover 
of oxygen-free hel ium i n  150 m l  of  v igorous ly  s t i r r e d  l i q u i d  ammo- 
n i a  c o n t a i n i n g  sodium and potassium amides genera ted  "in s i t u "  by 
a c t i o n  of anhydrous f e r r i c  c h l o r i d e  (0.8-1.0 g) on m e t a l l i c  sodium 
(3.0 g) and potassium (3.0 9). P r e c a u t i o n s  w e r e  taken t o  ensure  
t h a t  a complete conversion of m e t a l s  t o  t h e  r e s p e c t i v e  amides took 
p lace  p r i o r  t o  a d d i t i o n  of c o a l  sample. 
f o r  s i x  hours .  100 m l  of  anhydrous e t h y l  e t h e r  w a s  added and the  
c o n t e n t s  were a l k y l a t e d  wi th  2.05 molar excess (on t h e  combined 
a l k a l i  meta ls )  of t h e  d e s i r e d  a l k y l  bromide. S o l v e n t s  and excess  
a l k y l  bromide evaporated overn ight .  
wi th  5 N hydrochlor ic  ac id ,  t h e  product  w a s  washed thoroughly wi th  
co ld  water ,  e x t r a c t e d  overn ight  w i t h  r e f l u x i n g  w a t e r  and d r i ed .  
Three success ive  e t h y l a t i o n s  w e r e  c a r r i e d  o u t  on each sample of  
coa l .  

Alkyla t ion  of model compounds was c a r r i e d  o u t  under s i m i l a r  
condi t ions  except  t h a t  s m a l l e r  q u a n t i t i e s  of  ammonia (70-80 m l ) ,  
f e r r i c  c h l o r i d e  (0.5 g ) ,  sodium (1.7 g) and potassium (1.7 g) were 
used. The amount of  s u b s t r a t e  was always t h e  same (0.028 M). 
React ion product  was recovered e i t h e r  by f i l t r a t i o n  ( s o l i d s ) ,  o r  by 
e x t r a c t i o n  w i t h  o r g a n i c  s o l v e n t  (chloroform o r  e t h e r ) .  Products  
were analysed by GC, GC-MS and NMR spec t roscopy.  

The mixture  was s t i r r e d  

The c o n t e n t s  were a c i d i f i e d  
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Proton and C-13 s p e c t r a  of s o l u b l e  products  ( a lky la t ed  c o a l s  and 
model compounds) were recorded i n  CDC13 u s ing  Brueker WP-80 appara- 
t u s .  For C - 1 3  NMR s p e c t r a  s i g n a l  accumulation w a s  necessary.  C-13 
s p e c t r a  of s o l i d  c o a l s  were recorded i n  t h e  Labora to r i e s  of  t h e  
Na t iona l  Research Counci l ,  O t t a w a ,  us ing a Brueker CXP-180 spec t ro -  
meter and c r o s s  polar izat ion-magic angle  sp inn ing  technique.  

sub f rac t ions  were determined i n  p y r i d i n e  u s i n g  Corona-Wescan vapour 
p re s su re  osmometer and c o n c e n t r a t i o n s  1-20 g/Kg. 

GPC f r a c t i o n a t i o n  was c a r r i e d  o u t  on column of  Sephadex LH-60, 
an hydroxypropylated dex t r an  g e l ,  80 cm i n  l eng th  and 2.5 cm i n  
diameter  u s ing  chloroform as s o l v e n t .  

Resu l t s  and Discussion 

Number average molecular  we igh t s  of c o a l  e x t r a c t s  and of t h e i r  

A lky la t ion  of Coals .  The in fo rma t ion  r ega rd ing  t h e  o r i g i n  and 
rank of  coa l s  t e s t e d  and the r e s u l t s  of a l k y l a t i o n  s t u d i e s  conduc- 
t e d  on these c o a l s  i s  summarized i n  Table 1. 
groups introduced i n t o  c o a l  v a r i e d  from 7 t o  18 p e r  100 o r i g i n a l  
carbon atoms. The ca rbon i fe rous  coals t e s t e d  i n  these s t u d i e s  
appeared t o  b e  more s u s c e p t i b l e  t o  s o l u b i l i z a t i o n  than t h e i r  Cre- 
taceous coun te rpa r t s .  A lky la t ion  took p l a c e  on bo th  oxygen and 
carbon atoms. Depending on c o a l ,  t h e  r a t i o  o f  a l k y l a t e d  oxygen t o  
a l k y l a t e d  carbon atoms v a r i e d  from 0 ( c o a l  115) t o  approximately 
0.5 ( c o a l s  P 1 ,  2 and 3) .  

hydroxyl groups more e f f i c i e n t l y  than  s h o r t  cha in ,  e t h y l  groups.  
There i s  a r e s i d u a l  l e v e l  o f  hydroxyl groups which d e f i e s  e thy la -  
t i on .  No s imple r e l a t i o n s h i p  e x i s t s  between the  number of  a l k y l s  
introduced and the  deg ree  of  s o l u b i l i z a t i o n .  

Non-reductive a l k y l a t i o n  of  c o a l  117 l e d  t o  h igh  conversion of 
t h i s  c o a l  t o  chloroform s o l u b l e  product .  Ex t r ac t ion  of a small 
sample (0.5 g) of t r i p l y  e t h y l a t e d  coa l  r e s u l t e d  i n  63% s o l u b i l i t y .  
However, when l a r g e r  sample (10 g) was s i m i l a r l y  e x t r a c t e d ,  t h e  
s o l u b i l i t y  w a s  lowered to 48.1%. E s s e n t i a l l y  t h e  same t o t a l  solu- 
b i l i t y  (49.6%) was ob ta ined  when e t h y l a t i o n  w a s  a l t e r n a t e d  wi th  
e x t r a c t i o n  a f t e r  each of t h e  t h r e e  e t h y l a t i o n  s t e p s .  Such expe r i -  
mental  sequence w i l l  be  r e f e r r e d  t o  i n  t h i s  t e x t  as a l t e r n a t e  e thy-  
l a t i o n s  l, 2 and 3 .  

e i t h e r  method are similar: 1260 f o r  t r i p l y  e t h y l a t e d  c o a l ,  and 
1140, 1300 and 1250 f o r  s o l u b l e  p a r t s  of a l t e r n a t e  e t h y l a t i o n s  1, 2 
and 3 r e spec t ive ly .  

G e l  permeation chromatography of  s o l u b i l i z e d  f r a c t i o n  of t r i p l y  
e t h y l a t e d  c o a l  showed t h a t  8.7% of  sample had molecular weight of 

t o  1 ,040;  10.4% - 875; 2.6% - 580; and 9% of sample was n o t  recov- 
e red  from t h e  column, even a f t e r  t h e  p o l a r i t y  of chloroform w a s  in-  
creased by a d d i t i o n  of 1% ethano l .  

NMR Spectra .  

The number of a l k y l  

Long chain a l k y l  groups,  n-butyl  and n-hexyl, seem t o  a l k y l a t e  

Number average molecu la r  weights  of f r a c t i o n s  s o l u b i l i z e d  by  

15,440; 11.2% - 10,430;  10.4% - 5,740; 12.3% - 2,570; 35.2% - 910 

NMR s p e c t r a  of u n t r e a t e d  s o l i d  coa l  #7 and o f  i t s  
Comparison of  s o l u b i l i z e d  f r a c t i o n s  are reproduced i n  F igu res  1-4. 

112 



I 
I 
1 

the  a l i p h a t i c  r eg ion  of C - 1 3  s p e c t r a  of our  f r a c t i o n s  wi th  C-13 
spectra of s o l i d  c o a l ,  c o a l  l i q u i d s  and coa l  e x t r a c t s  publ ished i n  
l i t e r a t u r e  (2, 2, A) is made i n  Table 2. 
i n t e n s e  l i n e  is  t h a t  a t  29-30 ppm. 
14 ppm are s t rong  i n  t h e  f r a c t i o n s  of e t h y l a t e d  coal. 
are a s soc ia t ed  wi th  the  methyl carbons of  t h e  in t roduced  e t h y l  
groups. This w a s  proven conc lus ive ly  by e t h y l a t i o n  w i t h  Dg-ethyl 
bromide, which l e d  t o  disappearance o f  t hese  bands (Figure 3) to- 
ge the r  with e l imina t ion  of much of t h e  underlying hump i n  t h e  25- 
35 ppm region (methylene abso rp t ions  f3 t o  an a romat i c  r i n g ;  r e f  z). 

Noticeable d i f f e r e n c e  between t h e  C-13 s p e c t r a  of  non-reductive- 
l y  s o l u b i l i z e d  c o a l  and t h e  s p e c t r a  of  f r a c t i o n s  r e s u l t i n g  from 
o t h e r  methods of s o l u b i l i z a t i o n  is the  C-13 l i n e  a t  46 ppm. 
so rp t ion  band approximating t h i s  frequency is  seen  i n  t h e  spectrum 
of s o l i d  c o a l  of  Z i l m  and co-workers (2). 
c o a l  #7. The environment r e spons ib l e  f o r  t h i s  abso rp t ion  w a s  l o s t  
i n  o t h e r  methods of s o l u b i l i z a t i o n  b u t  w a s  preserved i n  ou r  al ter-  
n a t i v e l y  e t h y l a t e d  samples. The i n t e n s i t y  of t h i s  s p e c t r a l  l i n e  
i n c r e a s e s  p rogres s ive ly  f o r  s o l u b i l i z e d  f r a c t i o n s  of alternate 
e t h y l a t i o n s  from 1 t o  3. This  s t r eng then ing  of abso rp t ion  a t  46 
ppm seems t o  be  a s s o c i a t e d  w i t h  a weakening s i g n a l  a t  29 ppm. 
Another r e l e v a n t  obse rva t ion  i s  t h a t  t h e  l i n e  a t  46 ppm is  absen t  
i n  t r i p l y  e t h y l a t e d  coa l .  It a l s o  disappeared on second e t h y l a t i o n  
of s o l u b l e  product from a l t e r n a t e  e t h y l a t i o n  1. The above s p e c t r a l  
observat ions could b e  i n t e r p r e t e d  i n  terms of changes i n  C-13 chemi- 
c a l  s h i f t s  occu r r ing  on a l k y l a t i o n  of s t r u c t u r a l  u n i t  of  c o a l  of a 
9,lO-dihydrophenanthrene (DHP) type.  

29 ppm. On e t h y l a t i o n ,  when both hydroaromatic carbons are t r ans -  
formed i n t o  t e r t i a r y  carbon atoms (-CHR-CHR-) t h e i r  C-13 abso rp t ion  
s h i f t s  t o  46 ppm. Under cond i t ions  of exhaus t ive  e t h y l a t i o n  (tri- 
p l e  e t h y l a t i o n  of t h e  same c o a l  s a m p l e ,  and second e t h y l a t i o n  of 
so lub le s  of a l t e r n a t e  e t h y l a t i o n  1 )  t h e  e a s i l y  a c c e s s i b l e  sites do 
no t  e x i s t  any more. The more d i f f i c u l t  t e r t i a r y  environments are 
then s u b s t i t u t e d  which l e a d s  t o  disappearance of  t h e  s p e c t r a l  l i n e  
a t  46 ppm. 

The most c o n s i s t e n t  and 
Absorption bands a t  9 ,  12 and 

These bands 

Ab- 

It is  a l s o  p r e s e n t  i n  

Secondary carbons i n  9 and 10  p o s i t i o n s  of  9,lO-DHP absorb a t  

E thy la t ion  of Model Compounds. E igh t  model compounds (adaman- 
t ane ,  indan, d ibenzy l ,  diphenylmethane, 9,1O-dihydrophenanthrene, 
9,lO-dihydroanthracene, f l uo rene  and acenaphthene) were e t h y l a t e d  
under t h e  cond i t ions  of non-reductive a l k y l a t i o n  of c o a l .  GC-MS 
and NMR ana lyses  of t h e  products  provided in fo rma t ion  on relative 
r e a c t i v i t y  of hydrogen atoms i n  these compounds (Table 3 ) .  Hydro- 
gen atoms i n  po lycyc l i c  condensed network of adamantane are unreac- 
tive. Neg l ig ib l e  monoethylation (0.1%) occurred i n  indan. Ethyla- 
t i o n  of  d ibenzy l  w a s  low, and t h a t  of 9,lO-DHP on ly  moderate. Ac- 
t i v a t i o n  of methylene group by t w o  phenyl r i n g s  makes t h e  hydrogen 
q u i t e  r e a c t i v e  i n  l i q u i d  ammonia. 
o l e f i n i c  bond as i n  indene (an impuri ty  i n  indan)  i s  a l s o  e f f e c t i v e .  
Hydrogen atoms i n  9 and 10  p o s i t i o n s  of dihydroanthracene and i n  9 
p o s i t i o n  of  f l u o r e n e  s u b s t i t u t e  very r e a d i l y .  

Ac t iva t ion  by phenyl  r i n g  and an 
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Acenaphthene produced a puzzle:  a l l  of i t  r e a c t e d  t o  g ive  
m u l t i p l e  isomers of di-, tri-, tetra-, and even penta-ethylated 
compounds. 
t e d .  

The C-13 s p e c t r a  of e t h y l a t e d  c o a l  and o f  some of the  model 
compounds have abso rp t ion  l i n e s  u p f i e l d  t o  8.4 ppm. These are t h e  
abso rp t ion  l i n e s  of  t he  methyl carbons 'd t o  an aromatic  r i n g .  The 
p resen t ly  known u p f i e l d  a b s o r p t i o n  l i m i t  f o r  t h e  8 methyl groups 
extends only t o  about 10  ppm (5).  
e thy la t ed  c o a l s ,  t h e  h igh  f i e l d  abso rp t ion  w a s  observed f o r  t h e  
methyl carbon i n  diethyldiphenylmethane (8.4 pprn), 9 ,9 ,10,10-tetra-  
ethyl-9,lO-dihydroanthracene (8.6 ppm) and 9.9-diethylf luorene (8.5 
ppm). 
9,10-diethyl-9,10-dihydrophenanthrene (46.3 pprn); 9,10-diethyl-9,-  
10-dihydroanthracene (48.4 ppm) and i n  1-ethyl-1,2-diphenylethane 
(carbon 1-49.9 ppm; carbon 2-43.6 pprn). 
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1 
Table  2. A l i p h a t i c  Region of C-13 IWR S p e c t r a  of  Coals and Some Coal 

Derived Products  

Sample 

c o a l  # 7  ( s o l i d )  

c o a l  ( s o l i d )  (2) 
c o a l  e x t r a c t  (2) 

Chemical S h i f t s ,  ppm from THS 

-46-435 -301* - -19- -14-11- 

-29- -20-15- - -44- 

37.8 32 .4  30.2 29.8 23.1 21.5 19.1 14.2 

31.9 - 29.7 22.1 21.4 19.8 14.1 

c o a l  l i q u i d  (2) 33 - 29 22 20 1 7  15 

coal l i q u i d  (5) 
t r i p l y  e thyl i  67 

d t r i p l y  Dg-ethyl- 
17 

a l t . e t h y l a t i o n  1 

a l t . e t h y l a t i o n  2 

a l t . e t h y l a t i o n  3 

alt. e t h y l a t i o n  1 
e t h y l a t e d  aga in  

31 30 22 

37 32 _. 29.5 22.5 21.5 

29.7 23  21.5 19 

46 37 33 32 - 29 23 22 19  

- 43 37 32 

- 46 32 31 2 22 

- 46 29 28 22 

-33- - 29 -22- 

1 5  

-14 -12 -2- 

14 

15 14 -2- 
1 5  1 4  -8.5- 

15 14 12-9- 

-15-14-12-8.5 

*-43-iadicates a broad band w i t h  a maximum. f o r  example, a t  43 

**underline i n d i c a t e s  a h i g h  i n t e n s i t y  a b s o r p t i o n  

116 



Model 
Compound 

Adamant ane 

Indan 

Dibenzyl 

Diphenyl- 
methane 

9.10-Di- 
hydrophenan- 
threne 

9.10-Di- 
hydroanthra- 
cene 

Fluorene 

Table  3. Sunraary Information on E thy la t ion  of Model Compounds 

Molar X - A l i p h a t i c  C-13 nmr s h i f t s  of - 
Ratio* Conversion o r i g i n a l l y  p r e s e n t  C i n t roduced  e t h y l  

modif ied by e t h y l a t i o n  

C cn C"2 a 2  m3 

1.07 NR** 

1.07 99.9 NR 
0.1 mono- 

1.07 98 NR 
2 mono- 

2.14 93.6 mono- 
6.4 d i -  

1.07 66.7 NR 
24.7 mono- 

0.6 d i -  

1.07 53.4 d i -  
24.3 tri- 
22.3 t e t r a -  

2.14 100 d i -  

49.9 43.6 

53.4 

- 40.2 33.6 - 46.3 - 
- 48.3 - 

56.2 - - 

moles of combined a l k a l i  metals to moles of hydrogen on o< 
carbon t o  a n  aromatic  ring 

28.4 

28.6 
29.4 

26.2 
27.9 

35.2 

32.8 

12 .o 

12.8 
8.4 

12  .o 
12.2 

13.3 

8.6 

8.5 

** NR - no r e a c t i o n  
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Figure 1. C-13 nmr spectrum of s o l i d  coal  no. 7 .  

1 1 1 1 1 1 1 1 1 1 1 1 4 ,  

ppm 120 100 80 60 40 20 

5 
h 0 

L 
Figure 2 .  C-13 nmr spectra of so lubi l ized  coal  no.  7 a f ter:  

A- f i r s t  a l ternate  e thylat ion;  B-second alternate 
e thylat ion;  C-third alternate e thylat ion.  
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Figure 3 .  C-13 nmr spectra of so lubi l ized  coal  no.  7 a f t e r :  

A - t r i p l e  e thylat ion;  B-triple Dg-ethylation. 

b 

ppm from TMS 100 80 60 40 20 0 
Figure 4 .  C-13 nmr spectra of s o l u b i l i z e d  coal  no. 7 a f ter:  

A-f irs t  a l ternate  e thylat ion;  B-sample A ethylated 
once more. 
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INTROOUCT ION 

The l i q u e f a c t i o n  o f  coa l  i s  one of  t h e  ways needed f o r  extending l i q u i d  
fuel suppl ies.  
o p t i m i z a t i o n  of  processes, a fundamental understanding about t h e  n a t u r e  o f  t h e  
chemical and phys i ca l  changes t a k i n g  p lace i s  necessary. One o f  t h e  ma jo r  processes 
now under development i nvo l ves  a donor s o l v e n t  t o  he lp  t r a n s f e r  hydrogen t o  t h e  
coal .  Recent ly  more and more e f f o r t  has been devoted t o  t h e  understanding o f  t he  
chemist ry  o f  r e a c t i o n s  between t h e  so l ven t  and model coal compounds which con ta in  
s t r u c t u r a l  s i m i l a r i t i e s  t o  coa l  m o i e t i e s  (1  ,2,3,4,5,6,7). 

This s tudy  i n v e s t i g a t e s  t h e  r e a c t i o n  r a t e s  o f  t h r e e  heteroaromat ic  compounds; 
benzothiophene ( I ) ,  i n d o l e  (111, and benzofuran ( I I I ) ,  i n  excess t e t r a l i n .  

I n  o rde r  t o  b e t t e r  u t i l i z e  these resources through mode l l i ng  and 

Temperatures from 400 t o  45OoC a re  used w i t h  a pressure o f  1500 p s i g  i n  a batch 
m ic ro reac to r  w i t h o u t  hydrogen gas. The r e a c t i o n s  o f  t e t r a l i n  i n  t h e  absence o f  
acceptor compounds have a l s o  been examined. The major  reac t i ons  for  a l l  o f  the 
systems have been modelled as f i r s t  o r  second order  r e a c t i o n s  which g i ve  r i s e  
t o  a coupled n o n l i n e a r  system o f  equat ions which i s  so lved numer i ca l l y .  

EXPERIMENTAL 

The batch m ic ro reac to r  system i s  dep ic ted  i n  F igu re  1. The r e a c t o r  i s  a 
9/16 i nch  t e e  made o f  316 s t a i n l e s s  s t e e l  by Autoc lave Engineers. To t h i s  a re  
f i t t e d  reducers which a l l o w  t h e  use o f  1 /8 i n c h  t u b i n g  f o r  i n l e t  and e x i t  l i n e s ,  
The actual l i n e s  t o  t h e  r e a c t o r  a r e  1/16 i n c h  O.D. t u b i n g  wi th an I . D .  o f  0.005 
inches. 
t o  couple them t o  t h e  aforement ioned reducers, and t h e  i n l e t  and e x i t  va lves.  The 
reac to r  volume i s  4.1 m i l l i l i t e r s .  A f l u i d i z e d  bed sandbath w i t h  an ex te rna l  
c o n t r o l l e r  ma in ta ins  t h e  r e a c t o r  temperature t o  w i t h i n  t 0.5OC o f  t h e  des i red  va lue.  
The reac to r  remains i n  t h e  ba th  a t  a l l  t imes  and i s  charged from a manually operated 
p i s t o n  displacement pump. The o p e r a t i n g  pressure f o r  a l l  experiments i s  1500 p s i g  
which i s  s u f f i c i e n t l y  h i g h  t o  suppress v a p o r i z a t i o n  o f  r e a c t i o n  products. 
pressure i s  generated by t h e  pump, r a t h e r  than  by gas pressure. The bas ic  procedure 
t o  charge a sample t o  t h e  r e a c t o r  i s  t o  f i r s t  evacuate t h e  r e a c t o r  through va lves 
C and B (F igu re  1 ) .  
app rop r ia te  volume o f  f l u i d  from t h e  pump s u f f i c i e n t  t o  achieve a pressure o f  1500 
P s i g  a f t e r  thermal e q u i l i b r i u m  i s  reached. The temperature i n i t i a l l y  drops 30 t o  
35OC upon charging, bu t  recovers t o  w i t h i n  about 30C i n  about one minute. A f t e r  
t h e  temperature has recovered and t h e  opera t i ng  pressure reached, v a l v e  D i s  shut .  
A t  t h e  end o f  t h e  r e a c t i o n  p e r i o d  t h e  sample i s  d ischarged through va l ve  E from 
which i t  expands and condenses i n t o  a t rap .  

Pieces o f  1 /8 i n c h  t u b i n g  a r e  f i t t e d  over t h e  1/16 i n c h  t u b i n g  a t  t h e  ends 

The 

Then, a f t e r  v a l v e  C i s  closed, t h e  r e a c t o r  i s  charged w i t h  t h e  

A f t e r  t h e  sample has cooled, a n i t r o g e n  
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purge displaces the  sample in to  a sample v i a l .  
then ready for another sample. 

Company. 
t o  99.8 percent pur i ty  w i t h  naphthalene the  only observed impurity. 

Analyses a re  made by gas l iqu id  chromatography. 
w i t h  thermal conductivity detector i s  used. 
Apiezon L fo r  a bo i l ing  point separation and Bentone 34 for  a 1~ bond separation, 
both Supported on chromasorb W packing. 
w i t h  a Columbia Sc ien t i f i c  CSI-208 d ig i t a l  in tegra tor .  
a r e  available elsewhere ( 6 ) .  

The reactor i s  evacuated and i s  

The chemicals used i n  th i s  study were a l l  purchased from Aldrich Chemical 
The purity of a l l  reactants was a t  l ea s t  99%. Tet ra l in  was r ed i s t i l l ed  

A Hewlett Packard 5710A G . C .  
Two types of l iqu id  phases a re  used, 

Quantification of the  samples i s  accomplished 
Further de t a i l s  Of this  work 

RESULTS A N D  DISCUSSION 

Tet ra l in .  We have studied the  decomposition of t e t r a l i n  by i t s e l f  i n  order 
Temperatures of 400 and 45OoC have been t o  es tab l i sh  "baseline" reaction ra tes .  

used. The two major reactions a re :  

A t  450oC a small amount of indan i s  a l so  observed along w i t h  t race  amounts of 
benzene, toluene, and ethylbenzene. 
l i t e r a t u r e  (5) .  Reactions 1 and 2 are modelled as  f i r s t  order i n  t e t r a l i n .  
The rate constants and  activation energies a re  l i s t e d  i n  Table 1 .  
and 4 show the  data (poin ts )  w i t h  the curves generated by the models: 

These products a re  as  expected from the 

Figures 2 ,  3 

= - ( K l + k 2 ) [ T E T ]  3 )  

d t  - k2[TET] 5) 

where: [TET] = mole f rac t ion  t e t r a l i n  

[NAPTH] = r o l e  f rac t ion  naphthalene 

[MEI] = mole f rac t ion  methylindan 

I t  can be seen t h a t  t he  model f i t s  the data well. A zero order model was 
found t o  give a worse f i t  o f  t h e  data. 

Benzothio hene i n  t e t r a l i n .  Benzothiophene w i t h  an i n i t i a l  mole f rac t ion  
of 0.10 i n  tet:alin was reacted a t  400, 425, and 45OoC. The major product was 
d i  hydrobenzothiophene. 
These two products appeared in equimolar amounts w i t h  a r a t e  t h a t  increased w i t h  
time, ind ica t ive  of a secondary product. 

A t  45OoC toluene and ethyl benzene appeared in smal 1 amounts.  

They reached a concentration of 0.63 mole 
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percent  a t  t h e  maximum r e a c t i o n  t i m e  o f  120 minutes. 
found to luene and ethylbenzene as w e l l  as benzene as products  from benzothiophene 
reacted i n  excess t e t r a l i n  a t  400oC f o r  1 8  hours. 
phene d e s u l f u r i z e d  thermal l y  . 

Benjamin e t . a l .  (1)  a l s o  

It thus  appears t h a t  benzoth io-  

Based on the  observed r e a c t i o n s  o f  benzothiophene t h e  proposed model i s :  

The s to i ch iomet ry  requ i res  t h a t  two moles o f  benzothiophene r e a c t  w i t h  one mole 
o f  t e t r a l i n  i n  order  t o  balance t h e  hydrogen. 
We have made t h e  steady s t a t e  assumption f o r  dihydronaphthalene t o  s i m p l i f y  t h e  
r a t e  expression from t h e  r e a c t i o n s :  

Th is  i s  w r i t t e n  as a n e t  reac t i on .  

Dihydronaphthalene i s  observed i n  ve ry  smal l  amounts (<0.05 mole pe rcen t )  

The r a t e  equations f o r  r e a c t i o n s  
throughout a l l  o f  t h e  r e a c t i o n s ,  
i s  what i s  determined as k3 from r e a c t i o n  6. 
1, 2 and 6 are:  

T h i s  i m p l i e s  t h a t  kga i s  r a t e  determin ing and 

drACCEPT1 d t  = -2k3[ACCEPT][TET] 9) 

dETET1 d t  = -Ikl+k2+k3[ACCEPT] }[TET] 10 )  

dCNAPTH1 d t  = {kl +k3[ACCEPT] }[TET] 11 1 
where: [ACCEPT] = mole f r a c t i o n  o f  acceptor  

Here [ACCEPT] i s  used t o  rep resen t  t h e  acceptor  spec ies concen t ra t i on  genera l l y  
s ince  the same model i s  used f o r  t h e  i n d o l e  r e a c t i o n s  t o  be descr ibed subsequently. 
Reaction 2 i s  n o t  a l t e r e d  so equa t ion  5 remains unchanged. 
concentrat ions a re  expressed i n  mole f r a c t i o n s .  The u n i t s  o f  a l l  r a t e  constants  
a r e t h e n  i n v e r s e  minutes. The use o f  mole f r a c t i o n s  r e q u i r e s  t h e  assumption o f  a 
constant molar volume f o r  t h e  r e a c t i o n  m ix tu re .  The system o f  equat ions 5,9,10, 
and 11 a re  coupled and non l i nea r .  
o p t i m i z a t i o n  scheme was used f o r  parameter es t ima t ion .  
benzothiophene r e a c t i o n  system a r e  shown i n  F igures 5 through 8 where t h e  curves 
represent  t h e  model and t h e  p o i n t s  rep resen t  t h e  data. 
data i s  w e l l  represented by t h e  model a t  a l l  t h r e e  temperatures. The r a t e  constants 
and a c t i v a t i o n  energies a r e  g i v e n  i n  Table 2. A comparative d i scuss ion  o f  t h e  r a t e s  
and a c t i v a t i o n  energies between t h e  d i f f e r e n t  r e a c t i n g  systems i s  postponed u n t i l  
a l l  o f  t h e  r e s u l t s  have been presented. 
always determined from t h e  da ta  o f  t h e  p a r t i c u l a r  r e a c t i o n  system r a t h e r  t6an being 
he ld  constant  a t  t h e  va lues determined f o r  t e t r a 1  i n .  

For convenience, 

A computer program ( 6 )  u t i l i z i n g  a Marquardt 
The r e s u l t s  f o r  t h e  

I t can be seen t h a t  t h e  

We do p o i n t  o u t  now t h a t  k and k a re  
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Indole in t e t r a l i n .  Indole was reacted i n  t e t r a l i n  with an i n i t i a l  indole 
Inole fraction of 0.128. The reaction was run a t  425 and 450OC. The major product 
was indoline (2,3-dihydroindole). A t  45OoC small amounts of o-ethylanil ine and 
0-methylaniline (0-toluidine) were observed. 
versus time a t  the  two temperatures. The model again f i t s  the data well, and the  
model a1 so represents the t e t r a l i n ,  naphthalene, and methylindan concentrations 
Well a t  b o t h  temperatures. 
i n  Table 3. 

Figure 9 shows the  indole concentration 

The r a t e  constants and ac t iva t ion  energies a re  given 

Benzofuran in t e t r a l i n ,  The i n i t i a l  mole f rac t ion  o f  benzofuran in t e t r a l i n  

A t  45OoC the  

Was 0.10. The reactions were r u n  a t  400 and 45OOC. The reaction was very f a s t  
a t  45OoC w i t h  a half  l i f e  o f  25 minutes. 
the  hydrogenated acceptor, 2,3-dihydrobenzofuran, was not observed. 
major products were o-ethyl phenol and o-methyl phenol (0-cresol ) .  A t  4OO0C, however, 
only small amounts of these two products were observed. 
was not observed i t  was n o t  c l ea r  whether i t  was an unstable intermediate or whether 
the  reaction proceeded through another chemical route. An experiment was conducted 
with 5 mole percent dihydrobenzofuran i n  excess t e t r a l i n  a t  425OC to  help elucidate 
the  pathway. 
able t o  t ha t  of the reaction of benzofuran (eg; not instantaneously).  
note i s  t ha t  benzofuran was formed from t h e  dihydrobenzofuran. 
the  reaction of benzofuran i s  different from i t s  su l fur  a n d  nitrogen analogs. I t  
was found t h a t  the model used for  the  previous two acceptor compounds represented 
poorly the  benzofuran concentration a t  400OC, b u t  not so poorly a t  45OoC. 
temperatures the model f i t t i n g s  of methylindan, naphthalene and te t ra1  i n  were good. 
Evidently a non-hydrogen t ransfer r ing  reaction i s  dominant a t  40OoC. 
this  d i f fe ren t  reaction a f i r s t  order decomposition model i s  used: 

Unlike the  previous two acceptors,  

Since dihydrobenzofuran 

The same products (alkylphenols) were formed, and the  r a t e  was compar- 
A n  additional 

T h u s  i t  seems t h a t  

A t  both 

To account fo r  

The kinetic equation i s  then: 

Equations 3,4, and 5 a re  then used for  t e t r a l i n ,  naphthalene and methylindan 
concentrations respectively.  
with the activation energies. Figure 10 shows the predicted benzofuran concentra- 
t ion for reaction 12 and the  data.  
4000C than fo r  the hydrogen t r ans fe r  model and no worse a t  45OoC. The predictions 
for  t e t r a l i n ,  naphthalene, and methylindan are  a l so  as  good fo r  t h i s  model as  w i t h  
the  hydrogen t r ans fe r  model a t  both temperatures. 

Comparative discussion. Figure 11 summarizes the r e s u l t  of t he  acceptor 
I t  can be seen t h a t  benzothiophene and indole reac t  a t  s imi la r  

The activation 

Table 4 shows the values fo r  k l ,  k 2 ,  and k 4  along 

The f i t  of the data i s  good, much be t te r  a t  

reaction models. 
ra tes  while benzofuran reac ts  a t  a s ign i f icant ly  higher r a t e .  
energies range from 30.0 t o  51.2 kcal/gmole w i t h  benzothiophene exhibit ing the 
la rges t  temperature 

The end products of the three reactions indicate t h a t  only benzothiophene 
loses i t s  heteroatom, producing alkylbenzenes. Indole and benzofuran produce the  
corresponding an i l i nes  a n d  phenols. 
and the s t a b i l i t y  o f  ani l ines  and phenols under the  type o f  reactilon conditions 
as i n  this study i s  confirmed by the l i t e r a t u r e  (1 ) .  

t ha t  i s  not due t o  acceptor reac t ions)  i s  sumnarized in Figure 12. 
energy for  t h i s  reaction with no acceptor present i s  27.9 kcal/gmole, lower t h a n  in 
any of the  acceptor systems. 

e f f e c t ,  w i t h  indole and benzofuran considerably less .  

The products o f  the  benzothiophene reaction 

The kinetics o f  reaction 4 (production of naphthalene v i a  t e t r a l i n  decomposition 
The activation 

The ra tes  a re  a l so  lowest f o r  the non-acceptor system, 
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by a s i g n i f i c a n t  amount. 
w i t h  a c t i v a t i o n  energies o f  38.7 and 60.1 kcal/gmole, r e s p e c t i v e l y .  O r i g i n a l l y  
i t  was planned t o  n o t  op t im ize  t h e  r a t e  constants f o r  r e a c t i o n s  1 and 2, b u t  t o  
keep them cons tan t  a t  t h e  va lues  determined from t h e  non-acceptor t e t r a l i n  decomposi- 
t i o n  run. 
i n  acceptor o r  s o l v e n t  components, and we a l s o  no ted  changes i n  t h e  methyl indan 
ra tes ,  d e s p i t e  i t s  model independence from t h e  acceptor  r e a c t i o n .  
k l ' s  and Ea's are i n  t h e  range o f  va lues  p r e v i o u s l y  r e p o r t e d  f o r  r e a c t i o n  4 ( 2 )  
except t h a t  t h e  Ea = 60.1 kcal /gmole f o r  i n d o l e  i s  s i g n i f i c a n t l y  h i g h e r .  

r a t e  constants a re  v e r y  s i m i l a r  t o  those i n  (2 )  again,  a l though w i t h  l e s s  v a r i a t i o n  
than those o f  ( 2 ) .  The a c t i v a t i o n  energ ies  range from 46.9 kcal /gmole f o r  t e t r a l i n  
decomposition, t o  57.0 kcal /gmole f o r  benzothiophene. 
a re  s i g n i f i c a n t l y  h i g h e r  i n  t h i s  s tudy  than i n  (2 ) .  
v a r i a t i o n  i n  k ' s  i s  e v i d e n t l y  due t o  t h e  e f f e c t  o f  t h e  acceptor.  
acceptor a c t s  as an " i n i t i a t o r "  by enhancing hydrogen a b s t r a c t i o n  f rom t h e  solvent.  
Once the  t e t r a l i n  f r e e  r a d i c a l  i s  formed i t  can g i v e  up another  hydrogen t o  form 
dihydronaphthalene o r  rear range t o  form a more s t a b l e  methyl indan f r e e  r a d i c a l  and 
then accept a hydrogen atom back. 
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Table 1. Rate Constants and A c t i v a t i o n  Energies f o r  T e t r a l i n  Blank Run 

4OO0C 45OoC E, (Kcal /gmol e) 

2.89 1.23 27.9 

k2(min-’) 5.66 6.46 46.9 

kl(min- 1 ) 

Table 2. Rate Constants and A c t i v a t i o n  Energies f o r  Benzothiophene Run 

4OO0C 425OC 45OoC Ea (Kcal /gmol e)  

kl(min-’) 2.79 x 1.41 x 3.70 x 38.7 

k2 (m in - l )  7.00 x 3.86 x 1.34 x 57.0 

k3(min- l )  1.991 x 7.4 x 2.81 x 51.2 

Table 3. Rate Constants and A c t i v a t i o n  Energies f o r  I n d o l e  Run 

425OC 45OoC E, ( Kcal /gmo 1 e)  

kl (mi n - l  ) 1.17 5.18 60.1 

k2 (m in - l )  3.84 10-4 1.44 53.4 

k3(min-’ ) 1.08 2.43 32.7 

Table 4. Rate Constants and A c t i v a t i o n  Energies f o r  Benzofuran Run 

4OO0C 45OoC Ea (Kcal / g o 1  e) 

kl (min-’ ) 1.64 1.55 43.6 

k2(min”) 1.24 1.82 x 52.2 

k4(min- l )  5.93 2.78 x l o - ‘  30.0 
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DEGASSER 

F i g u r e  1 .  Exper imenta l  
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HYDROGEN TRANSFER FROM ALCOHOL DONORS TO AROMATIC SUBSTRATES 

M.J. Garry and P.S. Virk 
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Introduction: 

The  use of alcohols i n  coal l iquefaction by donor solvents dates to  the ear- 
l i e s t  works (1)  wherein the t e t r a l i n  donor used a l so  contained phenol and cresol 
additives;  chemically s imi la r  mixtures have been used more recently (2,3) to simu- 
l a t e  commercial donor solvents.  
gen donors fo r  coal l iquefaction, in which application isopropanol, cyclohexanol 
and o-cyclohexylphenol have proven ef fec t ive  ( 4 ) ,  whereas t-butanol i s  inef fec t ive  
(5 ) .  The mechanism of hydrogen t ransfer  from alcohol donors t o  coal i s  obscure. 
However, f ree  radical types of mechanisms, such as  recently proposed (6 ,7)  f o r  coal 
l iquefaction, seem especially unsa t i s fac tory  because the  essent ia l  step would have 
to involve abstraction of a r e l a t ive ly  strongly bonded hydrogen in the alcohol by a 
coal fragment radical formed from homolysis of a weak bond in the  coa l .  

The present work was motivated by a hypothesis (8,9) t h a t  coal l iquefaction 

Alcohols have a l so  d i r ec t ly  been employed as  hydro- 

may en ta i l  concerted, per icyc l ic  reaction paths. 
f e r  from a n  alcohol donor, such as  isopropanol, t o  a coal acceptor, such as  phen- 
anthrene, may be viewed as  a s i x  e lec t ron  [4e(ao) + 2e(II)] group t ransfer  reaction: 

In this  context,  hydrogen trans- 

( R O )  u"b- qd+ tI ($ --3 [ V'H. PI$ 01 ] L x  + y$ P 

Isopropanol Phe anthrene Pericyclic Acetone 9,1'% dihydro- 
4e(oo) ze(n)  Transit ion S ta t e  phenanthrene 
Donor Acceptor 

According t o  the Woodward-Hoffmann (10) rules f o r  o rb i t a l  symnetry conservation, 
reaction ( R O )  would be thermally allowed for  supra-supra stereochemistry, which i s  
s t e r i ca l ly  favorable. 

comprising two alcohol donors, namely cyclohexanol and ortho-cyclohexylphenol , and 
two aromatic acceptors, namely phenanthrene and anthracene. Of these subs t ra tes ,  
the  cyclohexanol i s  a 4e(ao) donor akin to  isopropanol while the o-cyclohexylphenol 
is  a 6e(ona) donor of the  contrary o rb i t a l  symmetry. Similarly,  the phenanthrene, 
a 2e(n) acceptor, has o rb i t a l  symnetry opposite to  anthracene which is a ~ ~ ( J I I I )  
acceptor. In the 2 x 2 matrix of thermal reactions between these donor-acceptor 
pa i r s ,  combinations w i t h  a to t a l  of (4n+2)e should theore t ica l ly  (10) be allowed 
in supra-supra stereochemistry while those w i t h  a t o t a l  of (4n)e should be for -  
bidden i n  supra-supra b u t  a1 lowed i n  supra-antara stereochemistry. Such d i f f e r -  
ences should be manifest, and hence experimentally d iscern ib le ,  i n  the respective 
reaction k ine t ics .  Figure 1 i l l u s t r a t e s  these principles of o rb i t a l  symmetry cor- 
servation fo r  the present hydrogen t ransfer  reactions.  
tained t o  date w i t h  the cyclohexanol donor a re  reported in this paper. 

Experimental : 

Pursuit of our hydrogen t r ans fe r  hypothesis suggested exploration of a gr id  

Experimental r e su l t s  oh- 

All experiments were conducted i n  s t a in l e s s  s t ee l  batch reactors with an 
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i n t e r n a l  volume of 0.503cm3; t h e  r e a c t o r s  were imnersed i n  a s a l t  b a t h  f o r  t imes 
ranging from 0.16 t o  12 hours a t  temperatures from 300 t o  425OC. Heat ing and cool -  
i n g  t imes were ca l cu la ted  t o  be i n s i g n i f i c a n t  
Experiments conducted i n  an argon atmosphere, when compared w i t h  r e a c t i o n s  i n  a i r ,  
i n d i c a t e d  no e f f e c t  o f  atmosphere on r e a c t i o n  r a t e .  Vapor - l i qu id  e q u i l i b r i u m  c a l -  
c u l a t i o n s  were used t o  ensure t h a t  >95% o f  t h e  reac tan ts  remained i n  the  l i q u i d  
phase a t  a l l  t imes. 
d i sso l ved  i n  so lvent- - to luene f o r  anthracene reac t i ons ,  carbon t e t r a c h l o r i d e  f o r  
phenanthrene react ions--and analyzed on an HP 5720 gas chromatograph. 
i d e n t i f i c a t i o n  was based on G.C. c o i n j e c t i o n  techniques as w e l l  as nmr spec t ra .  
M a t e r i a l  balance c losu re  was e f f e c t e d  i n  a l l  experiments, and p a r t i c u l a r  ca re  was 
taken t o  e f f e c t  a hydrogen t r a n s f e r  balance. Thus, we d e f i n e  a r a t i o  H o f  t he  mols 
o f  hydrogen donated, hd, as measured by appearance o f  dehydrogenated donor, t o  the  
mols of hydrogen accepted, h , as measured by t h e  appearance of hydrogenated accep- 
t o r ;  i n  a l l  cases H = (hd/haT = 1.00 20.08. The chemicals used were a l l  o f  p u r i t y  
> 99.5% as received; t h e  anthracene and phenanthrene subs t ra tes  were f u r t h e r  p u r i -  
f i e d  and assayed t o  ensure t h a t  t he  con ten t  o f  t he  r e l a t e d  d ihyd ro  compound was be- 
low d e t e c t i o n  l i m i t s ,  i.e., < 0.05%. 

Resul t s .  

reac t i ons  occurred. 
which i s  symbo l i ca l l y  reoresented by: 

(R1) D + A + DD + HA 

D, A, OD, and HA a re  r e s p e c t i v e l y  t h e  donor, acceptor, dehydrogenated donor and 
,hydrogenated acceptor; t h e  i n i t i a l  (donor /acceptor)  r a t i o  i s  termed S. 
hydrogenated acceptor  HA could,  i n  genera l ,  r e v e r t  t o  t h e  o r i g i n a l  acceptor :  

(R2) HA + A 

This u s u a l l y  occurred by e l i m i n a t i o n  of molecular  hydrogen b u t  d i s p r o p r o t i o n a t i o n ,  
w i t h  format ion of a f u r t h e r  hydrogenated form o f  HA, was a l s o  poss ib le .  
donor D cou ld  r e a c t  by paths o t h e r  than  (l), t y p i c a l l y  su f fe r i ng  p y r o l y t i c  decom- 
pos i ti on : 

(R3) D + products 

I n  t h e  present  work, D = cyclohexanol (CHL), A = e i t h e r  anthracene (ANT) o r  
phenanthrene (PHE), OD = cyclohexanone (CHN), and HA = e i t h e r  dihydroanthracene 
(OHA) o r  dihydrophenanthrene (DHP). 
t he  preceding 
and r e a c t i o n  cond i t i ons  o f  temperature, t ime  and concen t ra t i on  f o r  each o f  f i v e  se ts  
o f  reac t i ons .  

f a r  t he  major  r e a c t i o n  i n  a l l  circumstances. Reversion of hydrogenated acceptor ,  
(RZ) ,  was u s u a l l y  small  r e l a t i v e  t o  (R1) b u t  occurred t o  an  apprec iab le e x t e n t  a t  
t h e  h ighe r  temperatures and ho ld ing  t imes. Donor decomposit ion, (R3), was always 
n e g l i g i b l e  r e l a t i v e  t o  ( R l )  a t  T Q 400 C.  
parameters f o r  ( R l ) ,  t h e  exper imenta l  da ta  cou ld  d i r e c t l y  be  t r e a t e d  as i f  ( R l )  
were the  o n l y  r e a c t i o n  occurr ing;  c o r r e c t i o n s  f o r  (RZ), which were smal l ,  a l lowed 
more re f i ned  parameters t o  be obta ined f o r  ( R l )  w h i l e  c o r r e c t i o n s  f o r  (R3) were so 
smal l  as t o  be n e g l i b l e .  The k i n e t i c  analyses employed a r e  sumnarized i n  Table 2. 

compared w i t h  r e a c t i o n  t imes. 

Upon r e a c t i o n  and subsequent quenching, t h e  products were 

Product 

Pre l  im ina ry  i n v e s t i g a t i o n  o f  r e a c t i o n  pathways revealed t h a t  t h r e e  types o f  
F i r s t ,  t he  hydrogen t r a n s f e r  r e a c t i o n ,  our  pr imary o b j e c t i v e ,  

Second, t h e  

Th i rd ,  t h e  

The experimental g r i d  cons t ruc ted  t o  examine 
pathways i s  shown i n  Table 1, which i n d i c a t e s  s u b s t r a t e ( s ) ,  d i l u e n t ,  

Broadly, t he  experimental r e s u l t s  showed t h a t  hydrogen t r a n s f e r ,  ( R l ) ,  was by 

Thus, i n  d e r i v i n g  t h e  des i red  k i n e t i c  
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Data f o r  hydrogen t r a n s f e r  from cyclohexanol t o  anthracene a t  T = 375 C a re  
presented i n  F igure 2, which e s s e n t i a l l y  d i s p l a y s  anthracene convers ion x vs t ime 
fo r  var ious i n i t i a l  donor/acceptor r a t i o s ,  15.4 > S > 0.25. The o r d i n a t e  of  F ig -  
u re  2 i s  a func t i on  o f  convers ion chosen t o  t e s t  t h e  presumed second o rde r  form o f  
(R l ) ,  as suggested by Case 1 o f  Table 2. 
s = 15.4 (squares), t h e  o rd ina te ,  s t a r t i n g  f rom the  o r i g i n ,  increases w i t h  increas- 
i n g  t ime, l i n e a r l y  a t  low t imes, t < 2 h r ,  b u t  w i t h  decreasing s lope  the rea f te r ,  
even tua l l y  becoming constant ,  independent o f  time, f o r  t > 6 h r .  Phys i ca l l y ,  t he  
i n i t i a l  l i n e a r  p o r t i o n  represents  t h e  k i n e t i c s  o f  t h e  forward r e a c t i o n  ( R l )  alone, 
w h i l e  the  long- t ime asymptote o f  cons tan t  convers ion represents  an approach t o  
equi lbr ium.  I t i s  noteworthy t h a t  t h e  i n i t i a l  slopes a r e  much the same f o r  a l l  S, 
d i r e c t l y  y i e l d i n g  k l  = 5.6 x 10-6 l /mol  s independent of s u b s t r a t e  p ropor t i ons ,  
which supports t h e  second o r d e r  k i n e t i c s  presumed f o r  ( R l ) .  
t h a t  t h e  asymptotic l ong - t ime  convers ions a v a i l a b l e  a each o f  S 
both l ead  t o  apparent e q u i l i b r i u s  constants  Kapp = [Xi/(l-X)(S-X)j 2, 0.02. 

Refined r a t e  constants ,  de r i ved  from t h e  i n i t i a l  s l ope  data o f  F igu re  2 a f t e r  
t a k i n g  account o f  a l l  o the r  reac t i ons ,  a r e  d i sp layed  i n  F igu re  3 on co-ord inates o f  
l o g l o k l  vs l og loS .  I t  can be  seen t h a t  l o g  Okl = -5.25 f 0.07 over -0.6 < 1ogloS 
< 1.2, i . e .  a v a r i a t i o n  i n  l o g l o k  o f  about i . 1  u n i t  over 1 .8  decades o f  subs t ra te  
propor t ions rang ing  o n  e i t h e r  s i d e  o f  s toch iomet r i c .  The observed inva r iance  o f  k 
r e l a t i v e  t o  S conf i rms t h a t  t he  cyclohexanol-anthracene hydrogen t r a n s f e r  r e a c t i o n  
f o l l o w s  second order  k i n e t i c s  a t  T = 375 C. 

Having es tab l i shed  the  order, and hence being assured o f  a meaningful bimole- 
c u l a r  r a t e  cons tan t  k l ,  t h e  hydrogen t r a n s f e r  r e a c t i o n  k i n e t i c s  were explored over 
the  temperature range from 300-400 C a t  a f i x e d  S = 4. An Arrhenius p l o t  o f  these 
r e s u l t s  i 
e-1 = (103/4.573 T i n  Ke lv ins )  i s  an i nve rse  temperature scale;  i t  should be noted 
t h a t  an Arrhenius r e l a t i o n  o f  form log1 k - loglOA - E*/8 , where A i s  t h e  pre- 
exponential f a c t o r  w i t h  u n i t s  o f  k and !* i s  the  a c t i v a t i o n  energy i n  kcal/mol, w i l l  
y i e l d  a s t r a i g h t  l i n e  on F igu re  4 w i t h  s lope  a10 lok/AB- l  = -E*. 
hexanol-anthracene r e a c t i o n  ( c i r c l e s  i n  F igu re  47 show l o g l o k l  l i n e a r l y  r e l a t e d  t o  
8-1 over  nea r l y  two decades o f  t h e  o r d i n a t e .  The b e s t  f i t  then y i e l d e d  t h e  h i t h e r t o  
unknown Arrhenius parameters, loglOA(R/mol s )  = 6.0 t 0.2 and E* (kcal/mol) = 33.1 t 
0.6, which were our  goa l .  

Hydrogen t r a n s f e r  f r o m  cyclohexanol t o  phenanthrene, s e t  2 i n  Table 1, was i n -  
ves t i ga ted  i n  a manner e x a c t l y  analogous t o  t h a t  descr ibed f o r  cyclohexanol-anthra- 
cene i n  Figures 2, 3, and 4, and s i m i l a r  conc lus ions cou ld  be  drawn. 
cyclohexanol-phenanthrene, a t  T = 4n0 C, p l o t s  a k i n  t o  the  e a r l i e r  F igu re  2 f o r i n i t i a l  
donor/acceptor r a t i o s  8 > S > 0.125 y i e l d e d  i n i t i a l  slopes independent of S ,  w i t h  
k l  Q 0.65 x Umo l  s .  Also, asymptot ic  l ong - t ime  conversions l e d  t o  k ' Q  0.15 
x 10-3 a t  each of S = 4, 1, and 0.125. A f u r t h e r  p l o t  of l o g l o k l  vs logl,-J?f shown 
i n  F i g u r e  3, y ie lded . log lOk1  = -6.2 f 0.2 over t h e  range -0.9 < l o g l o s  < 0.9, a f f i r m -  
i n g  t h e  r e l a t i v e  i nva r iance  of  k t o  s u b s t r a t e  p ropor t i ons  and showing the  hydrogen- 
t rans fe r  k i n e t i c s  t o  be second order .  F i n a l l y ,  cyclohexanol-phenanthrene hydrogen 
t rans fe r  r a t e  constants  were der ived a t  temperatures f r o m  375-425 C a t  f i x e d  S = 4. 
These r e s u l t s ,  p l o t t e d  i n  F igu re  4 (squares), y i e l d  Arrhenius parameters log,oA(t/  
mol s )  = 7.6 
Phenanthrene span o n l y  a S i n g l e  decade of l o q o k l ,  t h e  corresponding Arrhenius 
parameters a r e  s u b j e c t  t o  r a t h e r  more u n c e r t a i n t y  than i n  t h e  case o f  cyclohexanol- 
anthracene. 

Reversion of t h e  hydrogenated acceptor  t o  the  o r i g i n a l  acceptor ,  general reac- 
t i o n  (RZ),  was s t u d i e d  a t  t h e  cond i t i ons  i n d i c a t e d  f o r  e n t r i e s 3  and 4 i n  Table 1, 
Using dihydroanthracene (DHA) and dihydrophenanthrene (DHP) subst rates w i t h  deca l i n  

Fo l l ow ing  a t y p i c a l  s e t  o f  data, fay 

It i s  a l s o  i n t e r e s t i n g  
1 and S = 15.4 

presented i n  F igu re  4, us ing  coord inates of l o g l o k l  vs W1, where 

Data f o r  t h e  cyc lo-  

Thus, f o r  

0.6 and E* ( k c a l / n o l )  = 42.5 f 3.5. S ince t h e  da ta  f o r  cyclohexanol- 



d i l u e n t ,  which l a t t e r  was i n e r t .  I n  genera l ,  r e v e r s i o n  occu r red  by two p a r a l l e l  
pathways, namely hydrogen e l i m i n a t i o n  (R2 ' )  and d i s p r o p o r t i o n a t i o n  ( R Z " ) ,  of t h e  
form: 

(R2' )  HA 2 A + H2 
k '  

k " 

(R2") 2HA 2 A + JA 

where a l l  symbols have t h e i r  e a r l i e r  meaning and JA i s  a more hydrogenated form o f  
t he  acceptor, e.g. te t rahydroanthracene.  

Experiments w i t h  DHA s u b s t r a t e  a t  T = 375 C revea led  t h a t  w i t h  neat  subs t ra te ,  

i nc reas ing  d i l u t i o n ,  however, t h e  i n i t i a l  r a t e s  o f  (R2") decreased r e l a t i v e  t o  (R2 ' )  
u n t i l ,  a t  t he  lowest  s u b s t r a t e  concen t ra t i on  o f  0.2 b\ (R2") was n e g l i g i b l e  r e l a t i v e  
t o  (R2').  
order  i n  DHA w i t h  k f '  
from 0.23 t o  4.3 mo / l i t e r ;  r e a c t i o n  (R2") was approx imate ly  second o rde r  a t  i n i t i a l  
concentrat ions from 0.9 t o  4.3 m o l / l i t e r ,  where i t  could be measured, y i e l d i n g  
k2" = (37 f 11) x 10-6 Il/mol s .  A d d i t i o n a l  experiments w i t h  nea DHA over  the  tem- 
pe ra tu re  range 325-400 C prov ided Arrhenius parameters logloA(s- ')  = 12.5 t 0.6 and 
E* (kca l /mol )  = 50.8 t 0.8 f o r  t h e  f i r s t  o rde r  DHA r e v e r s i o n  r a t e  constant  k2 ' ;  
these experiments a l s o  y i e l d e d  da ta  f o r  (R2") b u t  corresponding Arrhenius parameters 
a r e  y e t  unavai lab le,  pending c o n f i r m a t i o n  o f  t he  r e a c t i o n  o rde r .  

w i t h  (R2") undetectable.  
kz '  = (34 f 2) x 10-6 s - l  a t  i n i t i a l  s u b s t r a t e  concen t ra t i ons  f rom 0.22 t o  4.0 mol/ 
l i t e r .  Arrhenius parameters fo r  DHP r e v e r s i o n  over  t h e  temperature range 375-420 C 
were log ioA(s-1)  = 12.6 f 0.3 and E* (kca l /mol )  = 58.1 2 0.8. 

Re la t i ng  the r e v e r s i o n  experiments (R2) t o  t h e  hydrogen t r a n s f e r  experiments 
( R l ) ,  i t  should be noted t h a t  i n  the  l a t t e r  reac t i on ,  t h e  hydrogenated acceptor  
i n i t i a l l y  appears a t  i n f i n i t e  d i l u t i o n .  Thus, o f  t h e  two r e v e r s i o n  pathways, (R2' )  
and (R2"), which a r e  r e s p e c t i v e l y  f i r s t  and second o rde r ,  (R2 ' )  makes much the  more 
s i g n i f i c a n t  c o n t r i b u t i o n .  A n a l y t i c a l l y ,  t h e  o v e r a l l  r e v e r s i o n  r a t e  cons tan t  
k2 = k 2 '  + k "[HA] -+ k2 '  as [HA] -+ 0. The cyclohexanol-anthracene s e r i e s  o f  
experiments f u r t h e r  confirmed t h i s  i n fe rence  i n  t h a t  t h e  te t rahydroanthracene p ro -  
d u c t  symptomatic of (R2") was n o t  detected a t  t imes < 2 h r .  
f o r  (R2 ' )  thus adequately accounted f o r  t h e  r e v e r s i o n  r e a c t i o n  (R2) i n  t h e  present  
study . 

t h e  cyclohexanol a lone  was s u b s t a n t i a l l y  s t a b l e  a t  T 6 400 C, w i t h  f r a c t i o n a l  de- 
composit ions < 0.03 i n  4 h r .  
cyclohexa one, became apprec iab le,  w i t h  a pseudo f i r s t  o r d e r  r a t e  constant  k3 % 20 
x 10-6 s-'. I n  process ing the  hydrogen t r a n s f e r  data, c o r r e c t i o n s  f o r  (R3) were 
always negl i g i b l  e. 

Discussion: 

K i n e t i c  data f o r  hydrogen t r a n s f e r  reac t i ons  between a l coho l  donors and aroma- 
t i c  acceptors have n o t  h i t h e r t o  been repo r ted ,  p r e c l u d i n a  comparisons w i t h  e a r l i e r  
work. However, t h e  exper imenta l  evidence can reasonably  be  i n t e r p r e t e d  i n  f a v o r  o f  
a concerted r e a c t i o n  mechanism. Both t h e  hydrogen t r a n s f e r  r e a c t i o n s  s tud ied  ex- 
h i b i t e d  second o rde r  k i n e t i c s ,  be ing f i r s t  o rde r  i n  each of t h e  donor and acceptor. 
This i s  a necessary c o n d i t i o n  t h a t  must be f u l f i l l e d  f o r  (R2) t o  be considered 

4.0 M, t h e  i n i t i a l  r a t e s  o f  (R2 ' )  and (R2") were o f  comparable magnitudes. W i th  

Fur ther ,  examination o f  t h e  k i n  t i c s  showed (R2 ' )  t o  be  s t r i c t l y  f i r s t  
(27 f 2) x s-? a t  i n i t i a l  s u b s t r a t e  concen t ra t i ons  

Experiments w i t h  DHP s u b s t r a t e  showed (R2 ' )  t o  be  t h e  on ly  r e v e r s i o n  pathway, 
A t  T = 425 C, t h e  r e a c t i o n  was s t r i c t l y  f i r s t  o rde r  w i t h  

The r a t e  da ta  obta ined 

F i n a l l y ,  i n  rega rd  t o  t h e  donor decomposit ion r e a c t i o n  (R3), s e t  5 i n  Table 1, 

A t  T = 425 C cyclohexanol decomposit ion, i n i t i a l l y  t o  

135 



bimolecular, a s  writ ten.  
E*(kcal/mol)) were respectively f o r  CHL-ANT (6.0,  33.1) and fo r  CHL-PHE (7.6,  42.5). 
Of these the loglOA '~r 6.8 f 0.8 represent ac t iva t ion  entropies AS' (cal/mol K )  = 
-31.7 i 3.7 which a re  large and negative and of much the same magnitude reported 
(11,12) f o r  Diels-Alder reaction which is  well known t o  be a concerted cyclo-addi- 
t i o n  ( 1 0 ) .  There i s  evidently c lose  s t e r i c  s imi l a r i t y  between the  pericyclic t r a n -  
s i t i on  s t a t e  of our hydrogen t r ans fe r  reaction, as shown in the prototype ( R O ) ,  and 
the t rans i t ion  s t a t e  for  cyclo-addition. T h e  observed ac t iva t ion  energies E*(kcal/ 
mol) = 38 f 5 cannot independently b e  in te rpre ted ,  though t h e i r  magnitudes a re  en- 
t i r e l y  comparable to  values known f o r  allowed hydrogen s h i f t s  (13) ,  which involve 
s imi la r  o rb i t a l  in te rac t ions .  

Further, t he  Arrhenius parameters (loglOA(ll/mol s ) ,  

we1 1 
(2. 0 

IJhile the thermochemistry of the present hydrogen t ransfer  reactions i s  n o t  
known, estimates (14) suggest (ASor(cal/molK), AHor(kcal/mol) f o r  CHL-ANT 
, ~ 0 )  and for  CHL-PHE (% 0 ,  +5); i . e .  the reactions a re  v i r tua l ly  thermoneutral 

Consequently, invoking microscopic r e v e r s i b i l i t y ,  Arrhenius parameters for  the 
reverse hydrogen t ransfer  reactions should be qu i t e  s imi la r  t o  those obtained f o r  
the forward reactions.  In regard t o  thermochemistry i t  i s  a l so  worth notiny tha t  
the present experiments led t o  apparent equilibrium constructs of order 10- 
CHL-ANT a n d  0.15 x fo r  CHL-PHE a t  T = 400 C .  These cannot be d i r ec t ly  inter- 
preted for  want of ac t iv i ty  coe f f i c i en t  data but t he i r  r a t i o  should depend so le ly  
on the differences between the entropies and enthalpies of hydrogenation of the 
acceptors. Estimates (14) of (AHOf,So)  f o r  each of ANT, D H A ,  PHE,  DHP lead, a t  
T = 400 C ,  t o  the theoretical  r a t i o  K(CHL-ANT)/K(CHL-PHE) '~r 60 which i s  of the 
order of the experimentally observed r a t i o  Kapp( CHL-ANT/Kapp( CHL-PHE)  % 70. 

for 

I t  i s  in te res t ing  to compare the present hydrogen t ransfer  from cyclohexanol 
w i t h  t h a t  from A'-dialin, a hydrocarbon donor of the same orb i ta l  symmetry. Com- 
parable experiments reoorted elsewhere (15) yielded (loglOA(ll/mol s ) ,  E*(kcal/mol)) 
= (6.1, 31.0) for  the A'-dialin-phenanthrene system; loglOA i s  s imi la r  t o  t ha t  ob- 
tained i n  the present work  f o r  CHL-PHE while the ac t iva t ion  energy i s  lower by an 
amount comparable t o  the reduction i n  the enthalpy of reac t ion ,  i n  rough agreement 
w i t h  the Evans-Polanyi Frinciple.  

The reversion reactions (R2)  a l so  merit brief discussion inasmuch as kinetic 
data have n o t  h i ther to  been reported fo r  hydrogen elimination from e i the r  of the 
DHA o r  DHP substrates studied i n  t h i s  w o r k .  The general reaction (R2 ' )  has l i t e r -  
a ture  precedent, t he  case HA = 1,4 cyclohexadiene, A = benzene having been studied 
(13,16) in !he gas phase and found t o  be unimolecular with Arrhenius parameters 
(logl0A (s-  ) ,  E*(kcal/mol)) = (12.4, 43.8); t he  reaction mechanism has been in te r -  
preted (10) as a concerted thermally-allowed 6e suprafacial  group t ransfer .  In 
the present study, ( R 2 ' )  with HA = DHA was s t r i c t l y  unimolecular with Arrhenius 
parameters (log10A,E*) = (12.6, 50.8). Since there is  a c l ea r  stereo-electronic 
analogy between hydrogen elimination from 1,4 cyclohexadiene and t h a t  from 9,lO- 
dihydroanthracene, the analogous k ine t ic  data can be taken to  imply t h a t  the l a t t e r  
reaction i s  a l so  a 6e per icyc l ic  group t ransfer .  
which i s  unimolecular w i t h  (logIoA,E*) = (12.6, 58.1) i s  not y e t  d i r ec t ly  amenable 
to theoretical  in te rpre ta t ion .  According to the Woodward-Hoffman ru les  ( l o ) ,  t h i s  
hydrogen elimination i s  thermally allowed with antara-supra stereochemistry and 
w i t h o u t  further stereochemical information i t  is  n o t  obvious whether the higher E* 
r e l a t i v e  t o  DHA represents a stereochemical demand o r  an o rb i t a l  symnetry bar r ie r .  
However, i t  i s  in te res t ing  t h a t  i n  regard to  hydrogen elimination, DHP i s  more re- 
f rac tory  than DHA t o  e s sen t i a l ly  the same extent t ha t  1 , 3  cyclohexadiene (17) i s  
more refractory than 1,4 cyclohexadiene (16) .  

The case of ( R 2 ' )  w i t h  HA = DHP 

Finally i t  i s  worth noting tha t  w i t h  present system of donors and acceptors, 
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t he  hydrogen t r a n s f e r  from donor t o  acceptor  was apprec iab l y  f a s t e r  than e i t h e r  
hydrogenated acceptor  r e v e r s i o n  o r  donor decomposit ion. 
i n  t h e  con tex t  o f  ac tua l  coal  l i q u e f a c t i o n  operat ions.  Fu r the r  s tud ies ,  w i t h  ap- 
p r o p r i a t e  c o a l - r e l a t e d  model donors and acceptors, which thus e l u c i d a t e  t h e  path- 
ways fo r  hydrogen t r a n s f e r  c o u l d  be  p r a c t i a l l y  u s e f u l  i n  suggest ing donors and 
process ing cond i t i ons  f o r  t h e  opt imal  deployment o f  hydrogen d u r i n g  d i r e c t  l i q u e -  
f a c t i  on. 

Conclusions : 

Th is  i s  e v i d e n t l y  d e s i r a b l e  

1. 

2. 

3 .  

4. 

5. 

6. 

7. 

Hydrogen t r a n s f e r  r e a c t i o n s  between cyclohexanol (CHL) donor and each o f  anthra-  
cene (ANT) and phenanthrene (PHE) acceptors  have been s tud ied  i n  t h e  l i q u i d  
phase a t  temperatures f rom 300 t o  425 C, t imes from 0.16 t o  12.0 h r  and i n i t i a l  
donor/acceptor r a t i o s  o f  0.125 t o  15.4. 

I n  a d d i t i o n  t o  t h e  des i red  hydrogen t r a n s f e r  r e a c t i o n  ( R l ) ,  two o t h e r  pathways 
were observed, namely, (R2) r e v e r s i o n  o f  t he  hydrogenated acceptor  t o  o r i g i n a l  
acceptor by way o f  both hydrogen e l i m i n a t i o n  (R2' )  and d i s p r o p o r t i o n a t i o n  (R2"); 
and (R3) p y r o l y t i c  donor decomposit ion. 
a l so  i n v e s t i g a t e d  and i t  was found t h a t  (R2) was smal l  and (R3) n e g l i g i b l e  r e -  
l a t i v e  t o  ( R l ) .  

The hydrogen t r a n s f e r  r e a c t i o n s  were b imo lecu la r ,  b e i n g  o f  o rde r  one i n  each o f  
donor and acceptor .  
r e s p e c t i v e l y  f o r  CHL-ANT (6.0 f 0.2, 33.1 f 0.63 and f o r  CHL-PHE (7.6 f 0.6, 
42.5 f 3.5). 

The observed mo lecu la r i  t y  and Arrhenius parameters suggest a concerted pe r i cy -  
c l  i c  mechanism f o r  t h e  hydrogen t r a n s f e r  w i t h  a r e l a t i v e l y  t i g h t  t r a n s i t i o n  
s t a t e  a k i n  t o  t h a t  w e l l  known f o r  D ie l s -A lde r  c y c l o a d d i t i o n .  

Hydrogen e l i m i n a t i o n  f rom dihydroanthracene (DHA! and dihydrophenthrene (DHP) 
l i q u i d s  was s tud ied  a t  temperatures from 300 t o  450 C, t imes f rom 0.16 t o  10.0 
h rs  and subs t ra te  concen t ra t i on  ranges o f  0.2 t o  4.0 m o l / l i t e r .  

The hydrogen e l i m ' n a t i o n  reac t i ons  were s t r i c t l y  un imolecular .  

f 0.8) and f o r  DHP (12.6 f 0.3, 58.1 f 0.8). 

The observed hydrogen e l i m i n a t i o n  from DHA t o  ANT i s  s t r i k i n g l y  analogous t o  
that f rom 1,4 cyclohexadiene t o  benzene and suggests a s i m i l a r  concer ted p e r i -  
c y c l i c  group t r a n s f e r  r e a c t i o n .  

The k i n e t i c s  o f  (R2) and (R3) were 

Arrhenius parameters ( l o g 1  A(%/mol s) ,  E*( kca l /mol ) )  were 

Arrhenius para- 
meters ( loglOA(s- 1 ), E*(kcal/mol) were r e s p e c t i v e l y  f o r  OHA (12.6 f 0.6, 50.8 
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Table 1. Reaction Condi t ions.  

Set Substrates D i l u e n t  Temperature Time Concentrat ion 

React ion Condi t ions 

C h r  S o r  M 

1 CHL + ANT None 300-400 0.16-1 2. 0.25-1 6. 

2 CHL + PHE None 350-425 0.25-10. 0.25-0.0 

3 DHA DEC 300-400 0.1 6-1 0. 0.25-4 .O( Neat) 

4 DHP OEC 375-450 0.25-1 2. 0.25-4.O(Neat) 

5 CHL None 325-425 0.25-10.0 4.0 f 0.2 

Notes: Compound abbrev ia t i ons  a r e  as f o l l o w s :  
CHL - cyclohexanol Al lT  - anthracene PHE - phenanthcene 
DEC - d e c a l i n  DHA - 9,lO dihydroanthracene 

s = i n i t i a l  subs t ra te  r a t i o  CHL/ANT o r  CHL/PHE 
M = concentrat ion,  m o l / l i t e r  o f  DHP, DHP o r  CHL ( s e t s  3, 4, and 5 ) .  

DHP - 9,lO dihydrophenanthrene 

( s e t s  1 and 2) .  

Table 2. K i n e t i c  Analyses 

Reactions : ( R l )  D + A 1, DD + HA 
k 

(R2) HA k- A + H2 
2 

D i f f e r e n t i a l  Equation: 

Cons t ra in t s  : 

d(HA)/dt = kl(D)(A) - k2(HA) 

t = 0: 
t > O :  A o = A + H A  

(D/A)o = S ;  (HA/A), = 0 

So lu t i ons :  
Case 1. k2 = 0, a l l  S .  

l n [ p ]  = k l t  ; X = 1 - (A/Ao) 
= (HA/Ao) 

A,(s-IJ 
Case 2. k2 > 0, S > 1 

1 1 
AOS ( 1 +k2/kl SA,) In' ( 1 -X (1 +k2/kl SAo ) = kl 

Case 3. k2 > 0, S < 1 

klSAo exp( - kl Aot )  

ln[klSA0 exp(-klAot) - k2X1 = k2t 
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T h e r m a l l y  a l l o w e d  
s t e r e o c h e m i s t r y  

? 
(i) I I + 

,"A '\\d \- .- 
4 e d o n o r  2 e a c c e p t o r  

4 e d o n o r  4 e a c c e p t o r  

( \  

1 F u r t h e r  r e a c t i o n  

4 H s h i f t s  

F i g u r e  1. O r b i t a l  symmetry c o n s e r v a t i o n  i n  hydrogen  t r a n s f e r .  
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L7 

n 

D = CIlL 

A = ANT 
0 T = 375 c 

S 

0 15.4 

e 4.0 

A 1.0 

-k 0.25 

I I 

O 2 4 6 8 1 0  12 
t, hr 

F‘i-qure 2. iiydrogcn t r a n s f e r  k i n e t i c s :  C m v e r s i o n  vcrsus time. 

n 

DONOR = i i 0  

ACCEPTOR = i&; 

T = 400°C 
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-4.0 

-6.0 

-7.0 

F i g u r e  4 .  Hydrogen transfer k i n e t i c s :  A r r h e n i u s  p lo t .  

REACTION: D + A + DD + HA 
DONOR = 

* 
ACCEPTOR m l O A  E 

6 . 0  t 0 . 2  3 3 . 1  t 0 . 6  

7 .6  50.6 42 .5  t 3 . 5  

\ i7 

\ 
--l--l._l_.- I I 

0.30  0 .35  0 . 4 0  

8-l 
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SULFUR REMOVAL FROM COAL CHAR USING " CONVERT-REMOVE'' TECHNOLOGY 

ANN BAUGH TIPTON 

OCCIDENTAL RESEARCH CORPORATION, 
P.O. BOX 19601, 

IRVINE, CALIFORNIA 92713 

BACKGROUND 

The r e a c t i v i t y  o f  t h e  organic  s u l f u r  i n  coal  and cha r  cont inues t o  be t h e  
major  chal lenge t o  f i n d i n g  an economical method t o  produce a compliance b o i l e r  
f ue l ,  i.e., t o  remove n i n e t y  percent  o f  t h e  s u l f u r  f rom run-of-mine coal p r i o r  t o  
combust ion. 

Two recen t  s tud ies,  one by Contos, Frankel  and McCandless(1) and another  by 
A t t a r  and Dupuis(Z), o f f e r  c lues  t o  what w i l l  be needed i n  an improved method t o  
meet these goals  f o r  coa l  d e s u l f u r i z a t i o n .  The s tudy by Contos, e t  a l . ,  descr ibed 
t h e  economic and t e c h n i c a l  s t reng ths  o f  e x i s t i n g  processes f o r  chemical coal  
c leaning.  The s tudy concludes, "Chemical Coal Cleaning Processes can remove as 
much as 95 t o  99 percent  o f  p y r i t i c  s u l f u r  and up t o  about 40 percent  o f  t h e  
o rgan ic  s u l f u r  f rom run-of-mine coal ." The comparison o f  t h e  ma jo r  processes f rom 
t h i s  study i s  shown i n  Table 1. 

Table 1 

COMPARISON OF MAJOR CHEMICAL COAL CLEANING PROCESSES* 

Max. % Removal Product Cost 

Process P y r i t e  Organic S $/Ton 

Magnex 
Syracuse 
Meyers 
Ledgemont 
DOE 
GE 
B a t t e l  l e  
JPL 
I GT 
KVB 
Arc0 

90 
50-70 
90-95 
90-95 

95 

95 
- 

90 
95 
95  
95 

0 
0 
0 
D 

40 
75% To ta l  

25-50 
70 
85  
40 

"some " 

40.70 
37.00 
43.40 
46.90 
51.60 
41.80 
55.90 
46.00 
65.80 
47.50 

46.00-58.00 

* Ref. (1) 

Wi th t h e  excep t ion  o f  IGT, a l l  of t h e  processes i n  Table 1 which remove organic  
s u l f u r  r e l y  on o x i d i z i n g  agents. The evidence seems q u i t e  conv inc ing  t h a t  t h e  most 
d i f f i c u l t  t o  remove o rgan ic  s u l f u r  i s  n o t  r e a c t i v e  t o  o x i d i z i n g  agents. This, i n  
tu rn ,  leads us t o  pursue reduc ing  agents. 

Recent research by A t t a r  and Dupuis(2) o f f e r s  ev idence f o r  t h e  c a p a b i l i t y  o f  
reducing agents f o r  o rgan ic  s u l f u r  removal. A t t a r  d. used s t r o n g  reducing 
agents w i t h  c a t a l y s t  a t  temperatures up t o  400°C as a method t o  i d e n t i f y  and 
q u a n t i f y  o rgan ic  s u l f u r  groups i n  coal. A t t a r  e t  a l .  found t h a t  almost h a l f  o f  t h e  
o rgan ic  s u l f u r  i n  h igh  s u l f u r  b i tuminous , , c o a E  T i d  n o t  reac t  under t h e i r  t e s t  
cond i t i ons .  A t t a r  and Dupuis conclude, An upper bound e x i s t s  on t h e  maximum 
p o r t i o n  o f  t h e  orga;ic s u l f u r  t han  can be removed w i t h o u t  t h e  complete d e s t r u c t i o n  
o f  t h e  coal  ma t r i x .  
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These s t u d i e s ,  t h e n ,  p o i n t  t o  a coa l  d e s u l f u r i z a t i o n  method which uses 
reducing agents  a t  temperatures which destruct  the  coal matrix. The technology t o  
be reported i s  one such approach t o  t h e  problem. The conventional approach which 
incorporates these fea tures  i s  hydrodesulfurization (HDS). This i s  used in the 
IGT process l i s t e d  in Table 1 with t h e  hishest  product cost o f  a l l ,  $GG/ton, and 
before t h a t  was the major s t e p  in t h e  Clean Coke Process. HDS uses very high 
hydrogen t o  so l ids  r a t i o s  t o  remove su l fur .  An example of IiDS w i t h  char i s  shown 
i n  Fisure 1. Here, almost 200,000 SCF H2/ ton  was required t o  take  2.4% sul fur  
t o  0.7% su l fur .  In  t h i s  example, even with large volumes of hydrogen, a com- 
pliance fuel  was not produced. The main chemical reaction which controls  the 
s u l f u r  removal in HDS and demands t h e  high hydrogen capaci ty  i s  the equilibrium 
reaction between ferrous s u l f i d e  and  hydrogen, 

FeS t ti2 = Fe + H2S. Eq. (1) 

A t  800"C, the concentration of hydrogen su l f ide  in hydrogen would have t o  be less  
t h a n  2000 ppm before t h i s  reacticn would proceed forward. To keep the hydrogen 
s u l f i d e  d i lu te  enough f o r  s u l f u r  removal t o  occur requires 125,000 SCF of hydrogen 
per ton of coal t o  remove one percent of sulfur .  

CHEMISTRY OF THE "CONVERT-REMOVE" TECHNOLOGY 

The "Convert-Remove" technology uses two types o f  treatment s teps  t o  produce 
a low su l fur  product. The Convert s t e p  i s  concerned with lowering the  organic 
s u l f u r  while t h e  Remove s tep  only a f f e c t s  inorganic sulfur .  

THE CONVERT STEP 

The chemistry of the Convert step includes two reactions. F i r s t ,  hydrosen, 
reacts  with organic s u l f u r  (RS) t o  form hydrogen s u l f i d e ,  

RS + H2 = R' t HpS. Eq- ( 2 )  

Next, the hydrogen s u l f i d e  i s  f r e e  t o  reac t  with in-s i tu  su l fur  scavengers t o  
form inorganic su l f ides  because the hydrogen t o  so l ids  r a t i o  i s  low, 

FeO t 1!2S = FeS t R20. Eq. ( 3 )  

The overall resu l t  of hydrosen treatment i s  the  conversion of organic su l fur  
t o  inorganic s u l f u r  with t o t a l  s u l f u r  remaining constant. This i s  in extreme 
contrast  t o  t h e  conventional approach t o  hydrogen treatment (HDS) where much 
higher hydrogen t o  so l ids  r a t i o s  are used and s u l f u r  i s  removed. 

THE RENOVE STEP 

The removal of  t h e  i n o r g a n i c  s u l f i d e  s u l f u r  could be accomplished i n  a 
number of ways, e.g., acid leach(3) ,  oxidation. However, we have chosen a n  
approach which regenerates t h e  s u l f u r  scavensers, i .e.,  steam displacement using 
the  reverse of the  react ion by which i t  was formed, 

FeS t H20 = FeO + H2S. Eq. ( 4 )  

While high flow ra tes  of stean, are now required t o  sweep o u t  the  hydrosen su l f ide  
t o  maintain removal, very l i t t l e  water i s  ac tua l ly  consumed - probably no more 
t h a n  a Sallon per ton of char. 

E X  PER IM ENTAL 

Two laboratory batch reactor  systems are  used f o r  desulfur izat ion s tudies .  
One o f  the  reactor Figure 2 shows the schematic d i a g r a m  of the reactor  setup. 
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systems i s  equipped w i t h  two gas chromotographs f o r  o n - l i n e  gas ana lys i s .  One gas 
chromatograph (a P e r k i n  Elmer Sigma 1 )  i s  used t o  mon i to r  hydrocarbons and f i x e d  
gas composi t ion i n  steam and hydrogen t rea tmen ts  o f  s o l i d s .  The s u l f u r  spec ies 
such as HzS, S02, COS, CH3SH, CH3SCH3, CH3SSCH3 and CS2 o f  t h e  gas stream a re  
measured by a Tracor  gas chromatograph w i t h  a H a l l  de tec to r .  

The h igh  s u l f u r  chars used i n  t h e  experiments r e p o r t e d  i n  t h e  next s e c t i o n  
were produced i n  a bench s c a l e  e n t r a i n e d  f l o w  r e a c t o r  us ing  an a i r - n i t r o g e n  
m i x t u r e  as c a r r i e r  gas. Pu lve r i zed  West Kentucky No. 9 seam coa l  ( t i am i l t on  Mine) 
a t  1075°F f o r  0.69 sec. w i t h  3% oxygen f o r  decaking was used t o  produce t h e  coa l  
char. 

RESULTS .-___. 

The s t r e n g t h  o f  t h e  "Convert-Remove'' technology comes f rom t h e  d i scove ry  t h a t  
r e p e t i t i o n  o f  s h o r t  cyc les  o f  t h e  two t reatment  s teps  i s  more e f f e c t i v e  f o r  s u l f u r  
removal than i s  a s i n g l e  two-step c y c l e  w i t h  l o n g  t rea tmen t  t imes. A lso we f i n d  
t h a t  when an i n i t i a l  coal  d e v o l a t i l i z a t i o n  s tep has produced a char  w i t h  a h i g h  
s u l f i d e  s u l f u r  con ten t ,  an i n i t i a l  Remove t reatment  s tep  p r i o r  t o  t h e  "Convert- 
Remove" c y c l e  w i l l  produce a l ower  s u l f u r  product .  The r e s u l t s  which e s t a b l i s h e d  
these e f fec ts  a r e  g i v e n  i n  Table 2. 

Table 2 

CONVERT ( C )  AN0 REMOVE (R) TREATMENT STEPS 

CHAR DESULFURIZATION RESULTS 

Process 
Steps 

To ta l  S u l f i d e  Organic SCF H2 
____ S u l f u r  .___ S u l f u r  S u l f u r  Ton MMBTU __. 

Coal 2.75 0.04 1.74 --  4 . 3  
S t a r t i n g  Char 2.42 0.59 i . 73  -- 4.2 
CR 0.64 0.13 0.43 76,800 1.1 
R CR 0.49 0.03 0.37 76.800 0.9 
CRCR 0.34 0.04 0.29 153;600 0.6 
CRCRCR 0.23 0.05 0.13 230,400 0.4 
CCCRRR 0.46 0.18 0.18 230,400 0.8 

CR 0.94 0.34 0.52 12,800 1.6 
CCRRR 0.50 0.10 0.27 25,600 0.7 
CRCR 0.43 0.14 0.22 25,600 0.5 
RCRCR 0.27 0.11 0.09 25,600 0.4 

S t a r t i n g  Char 2.48 0.80 1.59 -- 4.3 

I n  t h e  f i r s t  s e r i e s  o f  t e s t s ,  h igh  volumes o f  hydrogen were used. I n  t h e  second 
se r ies ,  we reduced t h e  hydrogen volume by an o rde r  o f  magnitude. Fo r  an i n i t i a l  
Convert t rea tmen t  we have found t h a t  volumes as low as 1000 SCF/ton a re  e f f e c -  
t i v e .  

The technology has a l s o  been t e s t e d  on a Wyoming sub-bituminous coa l  and a "F lash 
P y r o l y s i s "  cha r  (4)  f rom t h i s  coal .  The r e s u l t s  o f  t hese  t e s t s  a re  shown i n  
Table 3. These data g i v e  s t r o n g  suppor t  t o  our  mechanism f o r  o rgan ic  s u l f u r  
removal v i a  an i n - s i t u  s u l f u r  scavenger. A l l  t r ea tmen t  t imes  - 5, 10, 15, o r  
30 min. - w i t h  hydrogen produced i d e n t i c a l  r e s u l t s .  The s u l f i d e  s u l f u r  c a p a c i t y  
o f  t h i s  m a t e r i a l  i s  q u i c k l y  sa tu ra ted  by t h e  hydrogen t reatment .  U n t i l  t h i s  
s u l f i d e  s u l f u r  i s  removed w i t h  steam, t h e  r e s i d u a l  o rgan ic  s u l f u r  i s  un reac t i ve  t o  
t h e  hydrogen. The t h r e e  s tep  RCR t rea tmen t  i s  marg ina l  f o r  n i n e t y  percent remo- 
v a l ,  w h i l e  t h e  f i v e  s tep RCRCR t reatment  accomplished almost complete removal. 

The r e s u l t s  a re  shown i n  F i g u r e  3. 
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Table 3 

"CONVERT - REMOVE" TREATMENTS OF 

WYOMING SUB-BITUMINOUS COAL AND CHAR 

F l a s h  P y r o l y s i s  Char Coal 

To ta l  
Treatment* S u l f u r  

Feed Coal 0.79 
Char 0.54 

0.64 
0.65 

C(5) 

0.58 
C(10) 

0.64 
C(15) 

0.36 
C(3P)  

0.35 R(30) 
RCR 0.11 
RCRCR 0.03 

~ ( 1 5 )  

Sul f i de 
S u l f u r  

0 
0.06 
C.13 
0.11 
0.15 
0.14 

0 
0 

0.03 
0.01 

Organic 
Sul f u r  

0.63 
0.41 
0.49 
0.51 
0.40 
0.47 
0.34 
0.32 
0.06 

0 

Tot a 1 
S u l f u r  

0.72 

0.74 
0.68 
0.59 
0.74 
0.55 
0.53 
0.16 
0.c7 

* C-10 min., R-30 min. unless g i v e n  i n  paren thes is  

A s ide  b e n e f i t  o f  t h e  "Convert-Remove'' techno loqv  i s  the 

S u l f i d e  Organic 
S u l f u r  S u l f u r  

0.02 0.61 

0.18 0.48 
0.19 0.40 
0.19 0.32 
0.21 0.46 
0.04 0.46 
0.06 0.40 
0.04 0.08 
0.04 0 

removal o f  n i  t rosen. 
The n i t rogen  conten ts  o f  t h e  coa ls ,  chars,  and d e s u l f u r i z e d  chars  a re  g i v e n  i n  
Table 4. 

Table 4 

"CONVERT - REMOVE" TCEATMENT 

ALSO TAKES OUT HALF OF THE COAL F!ITROGEN 

Z N (Dry  Bas is )  

Coal 
Cescr i  p t i  on 

Feed 
Coal Char - 

W. Ky. No. 9 Seam 1.55 1.65 
Wyoming Sub-b i t  umi nous 1.24 1.33 

D e s u l f u r i z e d  
Char 

0.77 
0.64 

F o r  both t h e  b i tuminous  and sub-bi tuminous c o a l s  about h a l f  o f  t h e  n i t r o g e n  was 
removed. 

CHAR REACTIVITY 

R e a c t i v i t y  o f  char  t o  bo th  combust ion and d e s u l f u r i z a t i o n  i s  impor tan t  t o  t h e  
u t i l i z a t i o n  o f  t h e  "Convert-Reri,ove" technology. A l l  o f  t h e  chars t e s t e d  i n  
o u r  program were d e v o l a t i l i z e d  i n  an e n t r a i n e d  f l o w  r e a c t o r  w i t h  h i g h  h e a t i n g  
r a t e s ,  shor t  r e s i s t a n c e  t i m e  and moderate temperature us ing  ORC's "F lash  Py ro l y -  
s i s "  techno losy  (4) .  Such c o n d i t i o n s  have been shown t o  be i d e a l  f o r  producing 
r e a c t i v e  chars (5,6,7,8). Essenhigh (5,6) found t h a t  a G a s i f i c a t i o n  char  had 
e q u i v a l e n t  r e a c t i v i t y  t c  colnbustion as coa l ,  w h i l e  a COED char  produced w i t h  
lower  h e a t i n s  r a t e s  and l o n s e r  res idence t imes had a much lower r e a c t i v i t y .  
Walker ( 7 3 )  i n  s t u d y i n g  r e a c t i v i t y  o f  chars t o  g a s i f i c a t i o n ,  found t h a t  both 
r a p i d  h e a t i n g  and low temperature a i r  o x i d a t i o n  o f  caking coa ls  enhance t h e  
r e a c t i v i t y  o f  t h e  chars  produced. 
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We have found t h a t  l ess  s u l f u r  i s  removed by  d i r e c t  "Convert-Remove" t reatment  o f  
a decaked h i g h  s u l f u r  b i tuminous coa l  than i s  removed f r o m  char. However, t h e  
same l e v e l  o f  s u l f u r  removal i s  found f o r  sub-bituminous coa l  and char. Conse- 
quen t l y  when cak ing  h i g h  s u l f u r  coals  are t o  be d e s u l f u r i z e d ,  an i n i t i a l  coa l  
d e v o l a t i l i z a t i o n  t rea tmen t  which produces a r e a c t i v e  char, e.g., p a r t i a l  g a s i f i c a -  
t i o n  o r  decaking and r a p i d  p y r o l y s i s ,  w i l l  be needed. Recovery of t h e  v o l a t i l i z e d  
coa l  f r a c t i o n  w i l l  be impor tan t  t o  good economics f o r  any coa l  feed. 

CONCLUSION 

The "Convert-Remove" techno losy  i s  e f f e c t i v e  i n  removins n i n e t y  percent  o r  more o f  
t h e  s u l f u r  i n  a r e a c t i v e  char  f rom h i g h  s u l f u r  b i tuminous c o a l s  and i n  sub-b i tumi-  
nous coals  o r  chars. 
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PYROLYSIS OF THE POLYMER COAL: STRUCTURE AND KINETICS 

BY 

AMIR ATTAR AND GREGORY G.  HENDRICKSON 

DEPARTMENT OF CHEMICAL ENGINEERING 
UNIVERSITY OF HOUSTON 
HOUSTON, TEXAS 77004 

1. INTRODUCTION 

A k i n e t i c  m o d e l  which  p r e d i c t s  t h e  ra te  o f  f o r m a t i o n  of  g a s e o u s  p r o d u c t s  
produced  d u r i n g  coal p y r o l y s i s  h a s  been d e v e l o p e d .  T h e  b a s i s  a s s u m p t i o n s  o f  
t h e  k i n e t i c  model  a re  s i m i l a r  t o  t h o s e  o €  Attar (1) f o r  t h e  k i n e t i c s  of coal 
l i q u e f a c t i o n  in  a h y d r o g e n  d o n o r  s o l v e n t .  The m a i n  a s s u m p t i o n  i s  t h a t  
d i f f e r e n t  c o a l s  c o n s i s t  o f  t h e  same o r g a n i c  F u n c t i . o n a l  g r o u p s  a n d  t h a t  t h e  
d i f f e r e n c e s  be tween c o a l s  are  d u e  t o  t h e  d i f € e r e n t  c o n c e n t r a t i o n s  of t h e  
r u i i c t i o n a l  gro i ips .  T h e  f u n c t i o n a l  g r o u p s  most i m p o r t a n t  i n  f o r m i n g  gaseous 
p r o d u c t s  a r e  h y d r o a r o m n t i c  h y d r o g e n ,  m e t h y l  g r o u p s ,  e t h y l  g r o u p s  and oxygen 
t u n c t i o n a l i t i e s .  i . . e . ,  c a r b o x y l  g r o u p s ,  c a r b o n y l  g r o u p s ,  p h e n o l s  and e t h e r  
l i n k a g e s .  T h e  p r o d u c t s  of c o a l  p y r o l y s i s  a r e  t o  a l a r g e  e x t e n t  d e t e r m i n e d  
by tlie i n i t i a l  c o n c e n t r a t i o n  of  e a c h  o f  t h e  a b o v e  m e n t i o n e d  f u n c t i n n a l i t i e s .  

The  c h e m i s t r y  and  thermodynamics  of  f u n c t i o n a l  g r o u p  r e a c t i o n s  i n  c o a l  a r e ,  
t o  a f i r s t - o r d e r  a p p r o x i m a t i o n ,  i n d e p e n d e n t  of t h e  p a r t i c u l a r  c o a l  ( 2 ) .  I t  
i s  a l s o  p l a u s i b l e  t o  assume t h a t  t he  r e a c t i o n  r a t e  of e a c h  f u n c t i o n a l  g r o u p  is 
i n d e p e n d e n t  of  t h e  p a r t i c u l a r  c o a l  a n d  o n l y  d e p e n d e n t  upon t h e  r e g e n t ,  t h e  
r e a c t i v e  g r o u p  a n d  t h e  t e m p e r a t u r e .  Thus  t h e  k i n e t i c  p a r a m e t e r s ,  t h e  a c t i v a t i o n  
e n e r g y  and tlie f r e q u e n c y  € a c t o r ,  a r e  assumed t o  b e  i n d e p e n d e n t  o f  t h e  p a r t i c u l a r  
coa l .  Arr l ien ius  d e p e n d e n c e  of t h e  r a t e  c o n s t a n t s  a re  assumcd. 

'l'he r a t e  of p r o d u c t  g e n e r a t i o n  a p p e a r s  t o  b c  c o n t r o L l e d  hy t h e r m a l  d e c o m p o s i t i o n  
o f  t h e  c o a l  ( 3 ) .  t h u s  t h e  r a t e  o f  c h e m i c a l  r e a c t i o n  is assiimed t o  b e  t h e  
c o n t r o l  I i n g  r : i t c .  Mass t r a n s f e r  c r f c c t s  h a v e  hcvn nef i ic r tcx l .  'The I)ond I ) r c a k i n g  

stc-:idy state, ; i ss i iap t ior i  can be ; i ppLicd .  'I'Iic r r ce  r ; id ic ; i l s  ciiii tlicii form 
S L a h l c  p r o d u c t s  by coinhi i ia t ioi i  r e a c t i o n s  with o t h e r  r a d i c : i I s  n r  by h y d r o g e n  
ahs t r a c t i o n  r e a c t i o n s .  S e c o n d a r y  react i o n s ,  o t h e r  t h a n  t h e  w a t e r - s h i f  t r e a c t i o n ,  
h a v e  been  n e g l e c t e d .  l'he w a t e r - s h i f t  r e a c t i o n  h a s  b e e n  assumed t o  p r o c e e d  t o  
e q u i l  i b r  ium . 

The k i n e t i c  model i n c o r p o r a t e s  a l l  o f  t h e  above a s s u m p t i o n s  i n t o  a se t  of r a t e  
e q u a t i o n s  f o r ,  t h e  t r a n s f o r m a t i o n s  of t h e  v a r i o u s  f u n c t i o n a l  g roups .  I s o t h e r m a l  

1"'"""':' ll;ls Ilc.(*II ~ I I I I I C ~  t o  p r o r e c d  h y  ;I  r r c e  rad  ic:iI mccIi;iii isis Tor wl i ic l i  tlie 
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k i n e t i c s  o r  a c o n s t a n t  h e a t i n g  r a t e  c a n  b e  u s e d .  
i n t e g r a t e d  n u m e r i c a l l y  u s i n g  a s e m i - i m p l i r i t  t h i r d  o r d e r  Runge-Kutta  method 
w i t h  t h c  i n i t i a l  f u n c t i o n a l  g r o u p  d i s t r i b u t i o n  i n  a c o s 1  a s  t h e  boundary  
c o n d i t i o n .  A f t e r  e a c h  i n t e g r a t i o n  s t e p ,  t h e  w a t e r - s h i f t  r e a c t i o n  i s  s h i f t e d  
t o  e q u i l i b r i u m .  

The r a t e  e x p r e s s i o n s  a r e  

2 .  K I N E T I C  MODEL 

The k i n e t i c  model wh ich  h a s  been  d e v e l o p e d  i s  b a s e d  o n  t h e  p r e m i s e  t h a t  f r e e  
r a d i c a l s  a r e  r e l e a s e d  from t h e  c o a l  m a t r i x  a n d  t h e n  u n d e r g o  c o m b i n a t i o n  r e a c t i o n s  
or  hydrogen  a b s t r a c t i o n  r e a c t i o n s  t o  form s t a b l e  p r o d u c t s .  The  f r e e  rad ica1 .s  
which a r e  r e l e a s e d  from t h e  c o a l  m a t r i x  i n c l u d e  hydrogen  atoms, m e t h y l . g r o u p s  
and e t h y l  g r o u p s .  Each of t h e s e  r a d i c a l s  is r e l e a s e d  from t h e  c o a l  m a t r i x  
a c c o r d i n g  t o  t h e  f i r s t - o r d e r  r e a c t i o n  

where S *  is  t h e  r a d i c a l  r e m a i n i n g  i n  t h e  s o l i d  p h a s e  t o  l a t e r  t a k e  p l a c e  i n  
t a r  f o r m i n g  o r  c h a r  f o r m i n g  r e a c t i o n s  and R *  i s  e i t h e r  H . ,  'CH3 o r  - C  H 
Once fo rmed ,  t h e  f r e e  r a d i c a l s  c a n  e i t h e r  u n d e r g o  a s e c o n d - o r d e r  c o m b i n a t i o n  
r e a c t i o n  of t h e  t y p e  

2 5 : .  

R; + R . .  -t R.R. 
J 1 J  

where i and j r e f e r  t o  any o f  t h e  a b o v e  men t ioned  r a d i c a l s  and  R . R  i s  t h e  
s t a b l e  p r o d u c t ,  or  t h e y  c a n  a b s t r a c t  hydrogen  from t h e  c o a l  m a t r $ J  t o  r e s u l t  
i n  t h e  s t a b l e  p r o d u c t  R H .  
r e a c t i o n  of t h e  t y p e .  

The  hydrogen  a b s t r a c t i o n  r e a c t i o n  i s  a s e c o n d - o r d e r  

Re + S'H -+ S ' .  + RH 

The r e a c t i o n s  i n v o l v i n g  f r e e  r a d i c a l s  c a n  p r o d u c e  t h e  g a s e o u s  p r o d u c t s  H2, 
C t I 4 ,  C H , C I 1  
t o  f o r i  ' l o v e r  m o l e c u f a r  w e i g h t  p r o d u c t s  a r e  n o t  assumed t o  o c c u r .  
a s s u m p t i o n  i s  a p p r o x i m a t e l y  c o r r e c t  i n  t h a t  t h e  componen t s  mos t  l i k e l y  t o  c r a c k ,  
i . e . ,  C H 
is n s s u J e 8  t o  o c c u r  as a r e s u l t e d  of t h e  u n i m o l e c u l a r  d e c o m p o s i t i o n  of e t h v l  
r a d i c a l s  a c c o r d i n g  t o  t h e  r e a c t i o n  

and C H,,,. .Once a s t a b l e  p r o d u c t  is fo rmed ,  c r a c k i n g  r e a c t i o n s  3 8  T h i s  

E t h y l e n e  p r o d u c t i o n  and C4H1,,, are p roduced  o n l y  i n  minor  q u a n t i t i e s .  

- C 2 H 5  -f C2114 + H'  

O t h c r  r e a c t i o n s  which mus t  b e  c o n s i d e r e d  i n v o l v e  oxygen f u n c t i o n a l  g r o u p s .  
'1'111x oxyr.c!n 1 i i i i c . t  iiiiiiil j:roiips a r c  r c s p o n s  ililc f o r  tl ic Torin:it i o n  o f  (:I) CO 
:iii,1 1 1 .  1 ) .  
i l ~ v o l  v 1111: <.:irl,i,xy I 1:roiips. (:iirImii i i ioi iox i d c  i:; iissiiiiicd L u  IN! Iiiriiwd I r(m t w u  
s o u r r c s .  TIic l o w  t e m p e r a t u r e  peak is t l iought  t o  r c s u l t  rrom el i i n i n a t i o n  or 
q u i n o n i c - c a r b o n y l  groups. The  h i g h e r  t e m p e r a t u r e  peak  is  t h o u g h t  t o  r e s u l t  
from t h e  c l e a v a g e  of e t h e r  l i n k a g e s .  
i n v o l v i n g  p h e n o l  g r o u p s .  
t o  f i r s t - o r d e r  k i n e t i c s .  

F i n a l l y ,  t h e  g a s  p h a s e  r e a c t i o n  

(::irl)oii c l  i i i x  i r l i .  i s  :issjiinc(I t i i  a)i.i.i1r i l i i c  t o  ilc~.:lrliiixyIac.ii)ii 2;c>:lg.t 11)ns 
1 .  

Wate r  f o r m a t i o n  i s  d u e  to  r e a c t i o n s  
Each of t h e s e  p r o d u c t s  i s  assumed t o  b e  formed a c c o r d i n g  
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1 
-f 

H20 + co <- co2 + H 2  

m u s t  b e  c o n s i d e r c d .  T h i s  r e a c t i o n  h a s  b e e n  shown to  be a p p r o x j m a t c l y  i n  
e q u i l i h r i u m  i n  t h e  p r o d u c t s  from coa l  p y r o l y s i s  ( 4 , 5 )  a n d  is t h e  o n l y  " s e r o n d a r y "  
r e a c t i o n  c o n s i d e r e d  i n  t h e  k i n e t i c  model .  A f t e r  e a c h  i n t e g r a t i o n  s t e p  t h e  
p r o d u r t  c o m p o s i t i o n  is s h i f t e d  to e q u i l i b r i u m  v a l u e s  For t h e  a b o v e  r e a c t i o n .  
The w a t e r - s h i f t  r e a c t i o n  i s  t h e  " t ie"  be tween t h e  e f f e c t i v e  r a t e  oE p r o d u c t i o n  
of c n c h  oE L l i e  p r o d u c t s  i n v o l v e d  and t h e  a c t u a l  r a t e  of p r o d u c t i o n  of e a c h  
of t h e s e  p r o d u c t s .  

3. MATHEMATICAL DEVELOPMENT 

As p r e v i o u s l y  m e n t i o n e d ,  t h e  r a t e  o f  f o r m a t i o n  o f  I I ' ,  'CM3. ' 

and I 1  0 is assumed t o  b e  d e s c r i b e d  by f i r s t - o r d e r  k i n e t i c s .  ~ $ ~ 5 ~ a ~ ~ 2 ~ f c 0  
f o r m n z i o n  of each  of t h e s e  s p e c i e s  can t h u s  be d e s c r i b e d  by t h e  e q u a t i o n s  

- dRP = ki (S-R)i 
d t  

w h e r e  R: i s  t h e  "gas"  p h a s e  c o n c c n t r a t i o n  of t h e  i - t h  s p e c i e s  and (S-R)i i s  
t h e  c o n k e n t r a t i o n  of t h a t  s p e c i e s  r e m a i n i n g  a t t a c h e d  t o  t h e  c o a l  m a t r i x .  
IJlien R.. i s  H e ,  .CH o r  .C2H 
r e a c t i h s  w i t h  o t h e r  r a d i c a l s  or by  h y d r o g e n  a b s t r a c t i o n  r e a c t i o n s .  
t h e  above  r c n c t i o n s  are assumed t o  f o l l o w  s e c o n d n r d e r  k i n c t i c s  w i t h  t h e  
e x c e p t i o n  of twn h y d r o g e n  a toms c o m b i n i n g  t u  f o r m  mnl .ecular  h y d r o g e n  
which  r e q u i r e s  a t h i r d  body fo r  s t a b i l i z a t i o n  o f  t h e  p r o d u c t .  l h u s  t h e  ra te  
of f o r m a t i o n  of s t a b l e  p r o d u c t s  i s  d e s c r i b e d  by  e q u a t i o n s  3 . 2  t h r o u g h  3 . 7 .  

t h e  r a d i c a l .  c a n  be s t a h i l i . z e d  b y  Combina t ion  3 Both o f  

3 . 2  

d(Cli4) = k3 (H.) (.CH3) + k 4  ('CH3) (S-11) 3 .3  
__ 

d t  

3 . 4  2 d ( C  I I  ) = k (.CII ) + k 7  ( .C2t l5)  (11.) + k8 (*C2115) (S-11) 2 6  5 3 
d t  

3 . 5  

3 . 7 

I n  e q u a t i o n s  3 . 2  - 3 .7  t h e  r a d i c a l  c o m b i n a t i o n  r e a c t i o n s  o c c u r  w i t h  no 
a c t i v a t i o n  e n e r g i e s .  Hydrogen a b s t r a t i o n  r a t e  c o n s t a n t s  a n d  t h e  e t h y l  
d e c o m p o s i t i o n  r a t e  c o n s t a n t  assume Arr l ie i i ius  b e h a v i o r .  The r a t e  r o n s t a n t s  
a s s o c i a t e d  w i t h  e q u a t i o n s  3 .1  - 3 . 7  a r e  l i s t e d  i n  T a b l e s  3 .1  - 3 . 3 .  Along w i t h  
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t h e  r a t e  c o n s t a n t s  a s s o c i a t e d  w i t h  t h e  C u n c t i o n a l  g r o u p  t r a n s f o r m a t i o n s  are  
a c t i v a t i o n  e n e r g i e s  f o r  t h e  d e c o m p o s i t i o n  r e a c t i o n s  o f  t h e  p o l y m e r s  assumed 
t o  c h a r a c t e r i z e  t h e  bond b r e a k i n g  p r o c e s s  i n v o l v e d  i n  t h e  f u n c t i o n a l  g r o u p  
t r a n s f o r m a t i o n s .  

I n  o r d e r  t o  i n t e g r a t e  t h e  g i v e n  r a t e  e q u a t i - o n s  t h e  r a d i c a l  c o n c e n t r a t i o n s  must  
b e  a v a i l a b l e .  The r a d i c a l  c o n c e n t r a t i o n s  h a v e  heen  o b t a i n e d  w i t h  r a d i c a l  
b a l a n c e s  and the a s s u m p t i o n  t h a t  t h e  s t c a d y - s t a t e  a p p r o x i m a t i o n  is v a l i d .  

Accord ing  t o  Benson ( 6 ) ,  t h e  s t e a d y - s t a t e  a s s u m p t i o n  h a s  been  shown t o  b e  v a l i d  
i E  t h e  t o t a l  r a d i c a l  c o n c e n t r a t i o n  is n e g l i g i b l e  compared to  t h e  r e a c t a n t  and 
p r o d u c t  c o n c e n t r a t i o n s .  The r a d i c a l  c o n c e n t r a t i o n s  a r e  usiral1.y n e g l i g i b l e  i n  
t h e  i n t e g r a t i o n  p r o c e d u r e  wh ich  h a s  heen  i n c o r p o r a t e d .  
s t e a d y - s t a t e  a s s u m p t i o n  i s  t h a t  i t  c o n v e r t s  d i f f e r e n t i a l .  e q u a t i o n s  i n t o  a l g e b r a i c  
e q u a t i o n s  which c a n  t h e n  b e  s o l v e d  f o r  t h e  r a d i c a l  c o n c e n t r a t i o n s .  The 
r a d i c a l  b a l a n c e s  a r e  p r e s e n t e d  i n  e q u a t i o n s  3 . 8  - 3.10.  

The u t i l i t y  of t h e  

2 %u = d(S-ll) - 2k (Ha) (M) - k 2  (11.)  (S-ti) - k3  (*CH3) ( H * ) -  
1 d t  d t  

k7 ( 'C2Hs) ( H ' )  + kl.O (.C2H5) = 0 3 . 8  

2 
d( 'CH 3 ) = d(S-C1t3) - k 3  ('CH3)(H') - k4 ('Cl13) (S-H) - 2k5 (*CH3) - 
__ _ _  

d t  d t  
k6 (.CH3) (.C2H5) = 0 3 . 9  

d(.C2H5) = d(S-C2H5) - k6 (.CH3) ('C2115) - k7 ( ' C  2 5  H ) (11')  - 
2 

k g  ( .C2H5)  (S-H) - 2k9 ( .C2Il5)  - k10 (.C2H5) = 0 

In  L l i e  kinetic model  t h e  r a d i c a l  b a l a n c e s  a r e  s o l v e d  by s u c c e s s i v e  
a p p r o x i m a t i o n s  u n t i l  a s o l u t i o n  i s  o b t a i n e d  w i t h i n  a l l o w a b l e  e r r o r .  

T a b l e  3 . 1  

- F u n c t i o n a l  Group Decompos i t ion  R a t e  C o n s t a n t s  

Fu nc t i  ona 1 
h(sec- '  ) E ( k c a l / m o l e )  _____ Group- ____ - 

- 1 1  73 .0  
16 .7  

! I , . /  S l I I  

I - ( : l l ,  
I ,  I :  , 1 1 ,  

. >  
l:oolI ' , * , ( I  .(I 

-c=o .>.). 0 
-0- 2500.0 15 

-OH 1.05 X 10  

r I- 

25.0 
18.0 

I l . 4  
I ') . 'i 
18.0  
3 0 . 2  

3.1.0 
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Model 
Compound - E (kcal/mole) ___- 
Tetralin ( 4 1 )  22.0 
Polybenzyl (-CH ) 5 3 . 0  
Polyacrylic A c i d  (1-COOH) 27.0 
Poly (2,6-dimethyl- 

1,h-phenylene ether) (OH) 57.0  

-- Reference 

11 
1 2  
13  

14 

Table 3 . 2  

Radial Reaction RaLe Constants 

____ Reaction __ k(cc/mole sec) ____. Reference 

H' + tl. + M + H 2  + M 

* C H 3  t H -  + CH 

15 
15" 8 . 9  x 10 

16 12  6.0 x 10 4 

.CH3 + 'CH3 + 3 . 1 6  1 7  

18 ' C H 3  t ' C  I{ 2 . 5 1  x 10 

1 7  *C H + tl' + C2H6 3 . 6 3  x 10 

' C  2 5  H + - C 2 H 5  + c4'i10 1.0 d3 18 

.C2H5 + C2H4 + H -  

12 

12 
2 8  

2 5  

19 -1 k = 2 . 7  x 1014 exp (-40,90O/RT)sec 

Table 3 . 3  

Hydrogen Abstraction Reactions Rate C o n s t a n t s  

Reaction l o g  A(cc/mole zed. E(kal/mole) Reference 

H '  + S-H + H 2  + S. 10.61 5.4 20 

.CII. + s-ll -+ C1I4 + S' 10.61 8.0 cs  t ima t cd 3 

.C2N5 + s-ti -+ c H i s -  13 .5  4.4 e s  timated 2 6  

154 



I 

4. RESULTS 

The c o n c e n t r a t i o n s  of t h e  v a r i o u s  g a s e o u s  p r o d u c t s  p roduced  d u r i n g  c o a l  
p y r o l y s i s  and t h e  r a t e  o f  f o r m a t i o n  of t h e s e  g a s e s  c a n  b e  o b t a i n e d  by 
employ ing  t h e  k i n e t i c  model  p r e v i o u s l y  d e s c r i b e d .  
t h e  p r o l y s i s  o f  two t y p i c a l  c o a l s  a r e  d e s c r i b e d  i n  t h i s  s e c t i o n .  I n  b o t h  
c a s e s ,  t h e  r e s u l t s  from t h e  k i n e t i c  model  h a v e  been  compared t o  e x p e r i m e n t a l  
d a t a  o b t a i n e d  from t h e  l i t e r a t u r e .  
S t e p h e n s  ( 7 )  and Makino and Toda ( 8 , 9 ) .  

Campbel l  and S t e p h e n s  ( 7 )  p y r o l y z e d  Wyodak s u b b i t u m i n o u s  c o a l  a t  t e m p e r a t u r e s  
between 110' and 1000°C. 
h e a t  a s ample  w e i g h i n g  50 gm and c o n s i s t i n g  of p a r t i c l e s  s i z e d  be tween  10 
mesh and 6 mesh. 
t o  a mass s p e c t r o m e t e r  f o r  q u a n t i t a t i v e  d e t e r m i n a t i o n  o f  t h e  p r o d u c t  
c o m p o s i t i o n .  
t h e  c u r v e s  o b t a i n e d  t rom t h e  k i n e t i c  model  i n  F i g u r e s  1-4. 
i s  p r e s e n t e d  i n  T a b l e  4.1. 
by g r a p h i c a l  i n t e g r a t i o n  o f  t h e  e x p e r i m e n t a l  r a te  o f  e v o l u t i o n  c u r v e .  

I t  i s  i n t e r e s t i n g  t o  compare t h e  i n i t i a l  f u n c t i o n a l  g roup  d i s t r i b u t i o n  w i t h  
t h e  c a l c u l a t e d  g a s e o u s  y i e l d .  
i n t o  t h e  f o r m a t i o n  of me thane  and  a l l  o f  t h e  e t h y l  g r o u p s  form e t h a n e .  
R a d i c a l  c o m b i n a t i o n  r e a c t i o n s  o t h e r  t h a n  w i t h  hydrogen  are n e g l i g i b l e .  
i f  enough hydrogen  i s  s u b t r a c t e d  f r o m - t h e  i n i t i a l  hydrogen  c o n c e n t r a t i o n  
t o  a c c o u n t  f o r  methane and  e t h a n e  f o r m a t i o n ,  t h e  y i e l d  of m o l e c u l a r  hydrogen 
would be 61.3 cm3/gm compared t o  t h e  c a l c u l a t e d  y i e l d  o f  98.9 cm3/gm. 
a p p a r e n t  d i s c r e p a n c y ,  a l o n g  w i t h  t h e  o b s e r v a t i o n  t h a t  more c a r b o n  d i o x i d e  i s  
i n  t h e  p r o d u c t s  t h a n  t h e r e  is c a r b o x y l  g r o u p s  i n  t h e  f e e d  is t h e  r e s u l t  of 
t h e  w a t e r - s h i f t  r e a c t i o n .  Fo r  t h i s  c a s e ,  t h e  o v e r a l l  e f f e c t  of t h e  w a t e r - s h i f t  
r e a c t i o n  i s  a s h i f t  i n  t h e  d i r e c t i o n  

The r e s u l t s  of model ing 

The p u b l i s h e d  d a t a  i s  t h a t  of  Campbel l  and  

A c o n s t a n t  h e a t i n g  rate o f  3.33'C/mm was used  t o  

Argon w a s  u sed  a s  a carrier g a s  t o  sweep t h e  g a s e o u s  p r o d u c t s  

E x p e r i m e n t a l l y  o b t a i n e d  g a s  e v o l u t i o n  c u r v e s  a r e  compared w i t h  
A material b a l a n c e  

The e x p e r i m e n t a l  c a r b o n  d i o x i d e  y i e l d  was e s t i m a t e d  

I t  c a n  b e  s e e n  t h a t  a l l  of t h e  m e t h y l  g r o u p s  go 

A l s o ,  

T h i s  

2 H 0 + CO + C 0 2  + 11 2 

I t  s h o u l d  b e  n o t e d  t h a t  a l l  o f  t h e  c a l c u l a t e d  w a t e r  y i e l d  is formed from t h e  
. p h e n o l s .  I f  some m o i s t u r e  is i n i t i a l l y  p r e s e n t  and t h e  w a t e r - s h i f t  r e a c t i o n  
p r o c e e d s  i n  t h e  same d i r e c t i o n  as b e f o r e ,  t h e  c a l c u l a t e d  h y d r o g e n  y i e l d  c o u l d  
b e  made t o  a p p r o a c h  t h e  e x p e r i m e n t a l  y i e l d .  

The methane and e t h a n e  y i e l d s  a r e  p r e s e n t e d  i n  F i g u r e  1. I t  c a n  b e  s e e n  t h a t  
f i r s t - o r d e r  k i n e t i c s  do  n o t  a d e q u a t e l y  d e s c r i b e  t h e  r a t e  o f  me thane  f o r m a t i o n ,  
e s p e d a l l y  a t  t h e  t a i l  end of t h e  r a t e  c u r v e .  T h i s  o b s e r v a t i o n  is i n  ag reemen t  
w i l  11 l : i~z j : t . i - ; i l i l  iiinl V : I I I  K r c . v ~ ~ I ~ ~ I i  (IO) w I I o  :;aid I~I:II r111- ra tv o r  I I I I * I ~ I ~ I I ~ P  

IOII,I.lI 1 0 1 1  ,l,!a.:; 1 1 1 l 1  < l 4 . 4 . 1 ~ , ~ : 1 ! : $ ~  :I:: I' i l~ll,l l y  :I!: pI.lY1 i, ' l 1.11 I ,y I I I !:I - 0 1 . , 1 < ~ 1  I( 1111.1 I,'!I. 
l\;1:;,~1 OII I( i i i 4 . 1  I < '  : I I  ~~,IIIII~~III !:. I I i d y  ~ I < I ! : I  II I:II :I ::i-i.iiiicl ! : c ~ I I I ~ , . ~ ~  , , I  i i 1 6 . 1  ll:iiii* I 1 ,  

I,<- LiIc! i - ~ > i i i : L  i o 1 1  

The second  methane s o u r c e  which is p o s t u l a t e d  h e r e  i s  t h e  r u p t u r e  o f  a l i c y c l i c  
r i n g s .  Methane h a s  been shown t o  be p roduced  upon t h e  p y r o l y s i s  of  t e t r a l i n  
( l l ) ,  t h u s  a l i c y c l i c  r i n g s  a r e  known t o  b e  a b l e  t o  fo rm me thane  upon p y r o l y s i s .  
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T a b l e  4 . 1  

C h a r a c t e r i z a t i o n  of Wyodak Subbituminous Coal 

3 Gaseous E q u i v a l e n t  of t h e  
Coal I n i t i a l  F u n c t i o n a l  Gaseous Y i e l d  (cm /am) - -  

Composition Group Dis t r ibu t ion-  Component Exper imenta l  Model 
Component wt.% Group Conc. (cm3/& 

C 66.76 -H 196.4 H2 124.8  98.9 
67.2 H 5.25 -CH3 67 .2  CH 4 67.2 

0 16.99 -C2H5 6.6 C2H6 6 .63  6.6 
N I .11 -coot1 18.2 c02 48 54.9 
S 0.74 c =o 26 .1  C0 45.9 63.6 

-0- 7 3 . 1  --- 66.8 
-OH 101 .9  H2° 

The r u p t u r e o f  a l i c y c l i c  r i n g s  should  b e  more impor tan t  i n  lower ranked c o a l s  
s i n c e  t h e  c o n c e n t r a t i o n  a l i c y c l i c  r i n g  i s  p o s t u l a t e d  t o  d e c r e a s e  w i t h  a n  
i n c r e a s e  i n  rank .  

h compari.son between c a l c u l a t e d  and e x p e r i m e n t a l  v o l a t i l i z a t i o n  y i e l d s  for an 
a n t h r a c i . t e  a r e  i l l u s t r a t e d  i n  F i g u r e s  5-8. Makino and Toda (8.9) used  a 
flow-type high p r e s s u r e  r e a c t o r  and a c o n s t a n t  h e a t i n g  r a t e  of 3 . 3 "  C/min up 
t o  a f i n a l  t empera ture  of 900°C i n  t h e i r  exper iments .  A c o n s t a n t  f l o w r a t e  of 
helium was used  t o  sweep gaseous p r o d u c t s  o u t  o f  t h e  r e a c t o r  and i n t o  a h igh  
speed chromatograph f o r  a n a l y s i s .  Argon w a s  used a s  a c a r r i e r  gas  i n  s e p a r a t e  
exper iments  f o r  t h e  d e t e r m i n a t i o n  of hydrogen. The e x p e r i m e n t a l  c u r v e s  reproduced 
h e r e i n  were obta ined  by g r a p h i c a l  i n t e g r a t i o n  of e x p e r i m e n t a l  ra te  c u r v e s .  An 
e s t i m a t e d  10-15% e r r o r  i n  t h e  c a l c u l a t e d  y i e l d s  is p o s s i b l e .  A m a t e r i a l  b a l a n c e  
i s  inc luded  i n  T a b l e  4.2.  

T a b l e  4 . 2  

C h a r a c t e r i z a t i o n  of Omine A n t h r a c i t e  

Gaseous E q u i l v a l e n t  of 
Coal t h e  I n i t i a l  F u n c t i o n a l  

-__ Composition Group D i s t r i b u t i o n  
Component W t . %  Group Conc. (c?/gm) Component Exper imenta l  Model 

C 93.2 -ti 150.1 H2 138.7 71 . 8  

(1  -_--- 1 1 . 0 ' )  

S 0.7 c =o 0.76 CO 3.18 7.36 
7.16 

1 1 . 7  1n.R 
/ I  

I1 '1.1 -1:Il.) 1n.n (:I I 

N I . 7 -(:ooIl 0 .  on94  cn2 1 . 5 2  I .  3.1 
I . ?  -(:yI> 0. 0') I;p(, 

H2° 
------ -0- 7.81 

-0H- 8.25 

The main o b s e r v a t i o n s  are:  

1. A l l  t h e  methyl. and e t h y l  groups form methane and e t h a n e  r e s p e c t i v e l y .  For 
t h i s  c a s e ,  f irst  o r d e r  k i n e t i c s  can  a d e q u a t e l y  d e s c r i b e  t h e  methane e v o l u t i o n  
r a t e .  T h i s  o b s e r v a t i o n  i s  a n o t h e r  p o i n t  i n  f a v o r  of t h e  secondary  methane 
s o u r c e  r e q u i r e d  f o r  lower ranked c o a l s  be ing  t h e  c l e a v a g e  of a l i c y c l i c  r i n g s .  
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2 .  The  w a t e r - s h i f t  r e a c t i o n  s h i f t s  i n  t h e  d i r e c t i o n  

H20 + co + co2 + H2 

The c a l c u l a t e d  c a r b o n  d i o x i d e  y i e l d  shown i n  F i g u r e  7 is  a d i . r e c t  r e s u l t  
of t h e  w a t e r - s h i f t  r e a c t i o n .  
e v o l v e d  is t h e  r e s u l t  o f  d e c a r v o x y l a t i o n  r eac t ions .  

A n e g l i g i b l e  amount o f  t h e  c a r b o n  d i o x i d e  

5 .  MO!)EL LIMLTATlONS 

T h e  1 i m i t a t i o n s  o f   lie model are: 

1. The model d o e s  n o t  p r e d i c t  t a r  y i e l d s .  

2. The model i s  l i m i t e d  t o  l o w  p r e s s u r e  a p p l i c a t i o n s  d u e  t o  t h e  n e g l e c t  

of  s e c o n d a r y  r e a c t i o n s .  

3 .  The r a t e  c o n s t a n t s  f o r  t h e  re lease o f  t h e  Cree r a d i c a l s  f rom t h e  

c o a l  a r e  a p p l i c a b 1 . e  t o  l o w  h e a t i n g  rates.  A h e a t i n g  ra te  of  as  

h i g h  a s  60" C / s e c  w i l l  s h i f t  t h e  c a l c u l a t e d  i n i t i a l  t e m p e r a t u r e  

f o r  methane  Eormat ion  away f rom t h e  e x p e r i m e n t a l  t e m p e r a t u r e  

by a p p r o x i m a t e l y  l.O°C. 

4 .  C o r r e l . a t i o n s  p r e d i c t i n g  t h e  i n i t i a l  f u n c t i . o n a 1  g r o u p  d i s t r i b u t i o n  

a r e  l i m i t e d  t o  coa1.s c o n t a i n i n g  be tween a p p r o x i m a t e l y  70% C a n d  92X C .  
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AN I N  SITU STUDY OF RAPID COAL PYROLYSIS USING FTIR" 

J. D .  F r e i h a u t ,  P. R.  Solomon,** D. 3. See ry  

United Technologies  Research Cen te r ,  Eas t  H a r t f o r d ,  CT 06108 

INTRODUCTION 

Recent i n v e s t i g a t i o n s  of r a p i d  c o a l  p y r o l y s i s  have g e n e r a l l y  been l i m i t e d  t o  
two approaches -- e n t r a i n e d  flow t echn iques  and hea ted  g r i d  d e v i c e s .  The e n t r a i n e d  
f low t echn ique  p rov ides  a method wherein i n j e c t e d  c o a l  samples  expe r i ence  h e a t i n g  
r a t e s  comparable t o  t h o s e  expec ted  i n  combustion p r o c e s s e s .  However, the  d a t a  
c o l l e c t e d  i s  g e n e r a l l y  l i m i t e d  t o  weight  l o s s  as a f u n c t i o n  o f  appa ren t  r e s i d e n c e  
t i m e  i n  the  r e a c t o r  h o t  zone (1,2,3). The hea ted  g r i d  t e c h n i q u e s  p rov ide  a more 
c l e a r l y  d e f i n e d  t ime-resolved thermal  environment f o r  s m a l l  p a r t i c l e s  (60 - 100 pm) 
and al low d e t e r m i n a t i o n  of the v o l a t i l e  s p e c i e s  evolved i n t o  a co ld  environment 
su r round ing  t h e  g r i d  (4 -8 ) .  Due t o  the  mode of h e a t i n g  oE t h e  p a r t i c l e s  i n  t h e  
g r i d  t echn ique  one i s  l i m i t e d  t o  t h e  p a r t i c l e  s i z e  r anges  t h a t  can b e  employed. 
Both approaches have provided u s e f u l  i n fo rma t ion  conce rn ing  t h e  n a t u r e  of r a p i d  
d e v o l a t i l i z a t i o n .  I t  i s  a l s o  c l e a r  cha t  o t h e r  t echn iques  and r e a c t o r  des igns  are 
needed t o  p rov ide  in fo rma t ion  concerning r a p i d  p y r o l y s i s  phenomena f o r  a range of 
t empera tu res ,  p a r t i c l e  s i z e s  and r e a c t i v e  atmospheres .  

EXPERIMENTAL DESIGN __- 

A r e a c t o r  h a s  been c o n s t r u c t e d  i n  which s m a l l  samples  of  c o a l  (20 - 60 mg) a r e  
r a p i d l y  i n j e c t e d  ( -  25 msec) i n t o  a p rehea ted  environment .  The i n j e c t i o n  dev ice  
a l l o w s  one t o  d e l i v e r  p a r t i c l e s  a s  small a s  100 pm o r  a s  l a r g e  a s  s e v e r a l  m i l l i m e t e r s  
i n  d i ame te r .  I n j e c t i o n  of the s m a l l  samples  i n t o  a p r e h e a t e d  zone i n s u r e s  t h a t  t h e  
p a r t i c l e s  e x p e r i e n c e  i n i t i a l  h e a t i n g  r a t e s  comparable t o  t h o s e  expec ted  i n  c o a l  
combustors. The gases  produced by t h e  thermal  decomposi t ion p rocess  a r e  monitored 
i n  s i t u  by use  of a N i c o l e t  FTIR  Spectrometer  o p e r a t e d  i n  t h e  r a p i d  scan  mode. A 
schematic  o f  t h e  p y r o l y s i s  system i s  shown i n  F ig .  1. 

PYROLYSIS GAS SPECTRA 

F igure  2 d i s p l a y s  a p o r t i o n  of t h e  t ime-resolved s p e c t r a  ob ta ined  from t h e  
d e v o l a t i l i z a t i o n  of a P i t t s b u r g h  bi tuminous c o a l  (PSOC 170) .  F i g u r e  3 d i s p l a y s  t h e  
same s p e c t r a l  window ob ta ined  from t h e  r a p i d  scan  FTIR d a t a  c o l l e c t e d  from t h e  de- 
v o l a t i l i z a t i o n  of a Montana l i g n i t e .  The d i f f e r e n c e  i n  c h a r a c t e r i s t i c s  of t h e  gaseous 
y i e l d s  a r e  appa ren t .  The bi tuminous c o a l  y i e l d e d  t h e  g r e a t e r  r a t i o  of hydrocarbon 
s p e c i e s  t o  carbon ox ide  s p e c i e s .  The same t r e n d  i s  no ted  i n  t h e  h i g h  r e s o l u t i o n  
scans  taken a; the  complet ion of t h e  r a p i d  scans  (See F i g s .  4 and 5 ) .  These t r e n d s  

*Work suppor t ed  by t h e  Department of Energy under C o n t r a c t  ET-78-C-01-3167 
**Present Address:  Advanced Fue l  Research,  P.O. Box 18343,  Eas t  H a r t f o r d ,  CT 06118 
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were to be expec ted  on  t h e  b a s i s  of  work p r e v i o u s l y  preformed by use  of a hea ted  
g r i d  t o  d e v o l a t i l i z e  t h e  c o a l .  That i s ,  t h e  r e l a t i v e  y i e l d s  of t h e  l i g h t  g a s e s  
r e f l e c t  t h e  f u n c t i o n a l  group c h a r a c t e r i s t i c s  of t h e  p a r e n t  coal (8).  

APPARENT FIRST ORDER ARRHENIUS RATE CONSTANTS 

The rise times o f  t h e  v a r i o u s  gaseous  s p e c i e s  were used to e x t r a c t  apparent  
f i r s t  o r d e r  r a t e  c o n s t a n t s  from t h e  t ime-reso lved  FTIR d a t a .  For  t h e  sake  of  

.comparison, t h e  method of e x t r a c t i n g  t h e  r a t e  c o n s t a n t s  w a s  t h e  same a s  t h a t  pre- 
v i o u s l y  employed u s i n g  t h e  h e a t e d - g r i d  a p p a r a t u s .  F i g u r e  6 shows t h e  r e s u l t s  
ob ta ined  f o r  t h e  P i t t s b u r g h  b i tuminous  c o a l  and t h e  Montana l i g n i t e .  Obviously,  
t h e r e  i s  a s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  a p p a r e n t  ra te  c o n s t a n t s  o b t a i n e d  by de- 
v o l a t i l i z a t i o n  i n  each  of t h e  two r e a c t o r s .  I t  is b e l i e v e d  t h a t  t h e  v a r i a t i o n  
i n  rate c o n s t a n t s  r e f l e c t  t h e  v a r i a t i o n s  i n  t h e  thermal  f l u x  exper ienced  by t h e  
c o a l  p a r t i c l e s  w i t h i n  each r e a c t o r .  The i n i t i a l  h e a t i n g  r a t e  of 100 pm c o a l  
p a r t i c l e s  i n  t h e  hea ted  g r i d  a p p a r a t u s  employed was de te rmined  by thermocouple 
measurements t o  be of t h e  o r d e r  of lo2  t o  1030C/sec. 
i n i t i a l  h e a t i n g  r a t e s  a r e  e s t i m a t e d  to be of t h e  o r d e r  of  1040C/sec and g r e a t e r  ( 9 ) .  
The r a t e  c o n s t a n t s  o b t a i n e d  i n  t h e  f u r n a c e  exper iments  are about  a f a c t o r  o f  t e n  
h i g h e r  than  t h o s e  o b t a i n e d  from t h e  h e a t e d  g r i d .  It i s  b e l i e v e d  t h a t  t h e  non- 
i s o t h e r m a l  n a t u r e  of t h e  p y r o l y s i s  p r o c e s s  i n  t h e  f u r n a c e  i s  r e s p o n s i b l e  f o r  t h e  
apparent  l a c k  o f  tempera ture  s e n s i t i v i t y  i n  t h e  rate c o n s t a n t  v a l u e s .  

I n  t h e  i s o t h e r m a l  furnace  t h e  

APPARENT FIRST ORDER RATE CONSTANTS AND COAL TYPE 

I n s p e c t i o n  of Fig.  6 i n d i c a t e s  that ,  w i t h i n  t h e  r e s o l u t i o n  of  the exper iment ,  
t h e  c o a l  t y p e  does  n o t  have a s i g n i f i c a n t  e f f e c t  upon t h e  apparent  f i r s t  o r d e r  
r a t e  c o n s t a n t  f o r  a p a r t i c u l a r  gaseous  s p e c i e s  evolved .  The r e a c t o r  type  h a s  a much 
g r e a t e r  e f f e c t  on apparent  ra tes  than  does t h e  c o a l  type .  

\ 

The independence of a p p a r e n t  ra te  c o n s t a n t  wi th  c o a l  type  i s  i n  agreement wi th  
r e s u l t s  o b t a i n e d  by u s e  of t h e  h e a t e d  g r i d  t h a t  i n d i c a t e d  t h a t  t h e  amount of  a 
p a r t i c u l a r  gaseous  s p e c i e s  evolved  t o  b e  h i g h l y  dependent on c o a l  t y p e  b u t  t h e  r a t e  
of  e v o l u t i o n  to be independent  o f  c o a l  type.  

APPARENT RATE AND PARTICLE SIZE 

A s  shown i n  F ig .  6 t h e r e  is a d e c r e a s e  i n  r a t e  w i t h  p a r t i c l e  s i z e  i f  t h e  p a r t i c l e  
s i z e  range of t h e  sample i s  changed f r o m  -100 mesh t o  -40 mesh. There  does n o t  
a p p e a r  t o  b e  any s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  y i e l d  s t r u c t u r e  of  t h e  l i g h t  g a s e s  
evolved .  For  t h e  s m a l l  sample s i z e s  employed, t h e  y i e l d  s t r u c t u r e  of t h e  l i g h t  g a s e s  
appeared t o  v a r y  more w i t h  t h e  p a r t i c u l a r  sample employed t h a n  w i t h  t h e  p a r t i c l e  s i z e  
chosen. 

FINAL REMARKS 

A s  i n d i c a t e d  by t h e  comments above ,  t h e  c u r r e n t  p y r o l y s i s  c o n f i g u r a t i o n  has  been 
u s e f u l  i n  d e t e r m i n i n g  t h e  v a l i d i t y  of hypotheses  formula ted  by s t u d i e s  performed w i t h  
t h e  heated g r i d  a p p a r a t u s .  However, i n  its c u r r e n t  c o n f i g u r a t i o n  i t  i s  n o t  wi thout  
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i t s  d isadvantages :  c a l i b r a t i o n  of t h e  r e a c t o r  is ext remely  d i f f i c u l t :  t h e  alumina 
w a l l s  tend t o  p r o v i d e  a c t i v e  s i t e s  f o r  t h e  t r a n s f o r m a t i o n  of  s u l f u r - c o n t a i n i n g  g a s e s :  
t h e  ta r - soot  m i s t  formed a t  h igher  o p e r a t i n g  t e m p e r a t u r e s  and by u s e  of  s m a l l e r  
p a r t i c l e  s i z e s  t e n d s  t o  i n t e r f e r e  wi th  t h e  I R  s i g n a l .  
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FIG. 6 
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THE THERMOCHEMICAL EFFECTS OF GAS-COALS I N  PYROLYSIS PROCESS 

Zhaoxiong Wang and James K. Shou 

I n s t i t u t e  f o r  M in ing  and M ine ra l s  Research, U n i v e r s i t y  o f  Kentucky 
P.O. Box 13015, Lex ington,  Kentucky 40583 

INTRODUCTION 

The gas-coal i s  a young b i tuminous coal .  I n  i t s  o rgan ic  m a t t e r  t h e r e  i s  a l a r g e  
q u a n t i t y  o f  t h e r m a l l y  uns tab le  cons t i t uen ts .  The i n t e n s e  thermal decomposit ion may 
be i n i t i a t e d  a t  a temperature as low as s l i g h t l y  above 30OoC. Much t a r ,  water  o f  
decomposit ion and gaseous products  a re  l i b e r a t e d  sha rp l y  ( 1 ) .  These fea tu res  o f  
thermochemical convers ion i n f l u e n c e  t h e  p y r o l y s i s  process. 

Dur ing p y r o l y s i s ,  chemical changes and phase t r a n s f o r m a t i o n  a r e  accompanied by 
c e r t a i n  thermal e f f e c t s .  Chemical r e a c t i o n s  occur  i n  oppos i te  d i r e c t i o n s  - degra- 
d a t i o n  and polycondensat ion.  For  i ns tance ,  t he  h igh-molecular -weight  substances o f  
coa l  decompose and produce v o l a t i l e  products  w i t h  l ow  mo lecu la r  weights ,  which evo lve  
success ive ly .  On the  o t h e r  hand, o rgan ic  ma t te r  rema in ing  i n  the s o l i d  phase w i l l  
con t i nue  t o  s t rengthen i t s  l i n k a g e  between s t r u c t u r a l  u n i t s .  The thermal e f f e c t s  
a l t e r n a t e  between exothermic and endothermic d u r i n g  t h e  p y r o l y s i s  process. 
a1 t e r n a t i o n  o f  thermal e f f e c t s  r e f l e c t s  the  n a t u r e  o f  chemical i n t e r r e a c t i o n s .  A t  
each t u r n i n g  p o i n t  t he  chemical composi t ion o f  coa l  o r g a n i c  m a t t e r  w i l l  undergo a 
remarkable change. 

The 

EXPERIMENTAL PROCEDURE 

The thermal e f f e c t s  generated by p y r o l y t i c  r e a c t i o n s  and phase exchanges under 
the  a c t i o n  o f  heat  may be s t u d i e d  by means o f  d i f f e r e n t i a l  thermal a n a l y s i s  (DTA) 
(2 -6) .  B r i e f  d e s c r i p t i o n  o f  DTA experiments a re  as f o l l o w s .  

packed i n  a p o r c e l a i n  c r u c i b l e .  
which was used as t h e  i n e r t  re ference.  Both c r u c i b l e s  were separa te l y  covered w i t h  
a l i d ,  on which a thermowell  was connected. 
cons tan t  r a t e  o f  50C/min. 
galvanometer i n  coo rd ina tes  o f  coal temperature versus h e a t i n g  t ime  and temperature 
d i f f e r e n c e  versus hea t ing  t ime. 

To d e t e c t  chemical changes, the composi t ion o f  heated coal  o rgan ic  m a t t e r  a t  i t s  
peak temperature was determined. A s e r i e s  o f  l o g  coa l  samples were taken and were 
heated i n  t h e  same pyrothermograph furnace.  
match t h a t  i n  t h e  DTA t e s t s .  When each r e l a t i v e  peak temperature was reached, t h e  
c r u c i b l e  was immediate ly  taken o f f  t h e  furnace and coo led  i n  t h e  des i cca to r .  The 
prox imate and u l t i m a t e  analyses o f  these samples were c a r r i e d  out .  

About l g  o f  f i n e l y  ground coal w i t h  a p a r t i c l e  s i z e  o f  l e s s  than 0.2m was 
h o t h e r  c r u c i b l e  con ta ined  t h e  c a l c i n e d  magnesia, 

Samples were heated t o  850-950°C a t  a 
The thermographic curves were p l o t t e d  by  a m i r r o r  

The h e a t i n g  was s t r i c t l y  c o n t r o l l e d  t o  

RESULTS AND DISCUSSION 

THE GENERALIZATION OF THERMOGRAPHIC PEAKS 

DTA curves of severa l  coa ls  s t u d i e d  have shown genera l  c h a r a c t e r i s t i c s  and a l s o  
have revea led  some d i f f e r e n c e s ,  w i t h  respec t  t o  peak temperature, peak width,  peak 
a l t i t u d e  and peak shape ( F i g u r e  1). 
1. Coals No. 1 and No. 2 a re  good cak ing  coals ,  t h e o t h e r s  a r e  weakly cak ing coals .  

A n a l y t i c  data o f  t hese  coa ls  a r e  g iven i n  Table 
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TABLE 1. ASSAY DATA OF TESTED GAS-COALS 

PROXIMATE ANALYSIS, WT.% ULTIMATE ANALYSIS, WT.%,DAF 
COAL 1- MOISTURE ASH P LA STOM ETR I C 
SAMPLE AS DETER- CONTENT MATTER SULFUR INDEX*, m 

MINED ( d r y )  (da f )  ( d r y )  X Y  

No. 1 1.90 7.86 39.9 3.04 80.51 5.83 1.97 11.69 43 17 
No. 2 2.14 12.40 36.5 2.94 81.20 5.59 1.96 11.25 48 14 
No. 3 3.29 5.39 46.3 0.52 78.10 5.72 1.94 14.24 40 7 
No. 4 4.28 7.08 42.7 0.38 80.48 5.60 2.81 13.11 27 7 
No. 5 3.55 9.64 43.9 0.50 80.88 5.90 - - 40 7-8 

*Index X ( f i n a l  shr inkage) and Y (maximum t h i c k n e s s  o f  p l a s t i c  l a y e r )  were determined 
by spec ia l  p l a s t o m e t r i c  t e s t i n g  equipment. The va lue  o f  Y was served as t h e  
parameter f o r  measuring the  c a k i n g  c a p a c i t y  o f  coa l .  

To i n t e r p r e t  t he  thermograms, t h e  f o l l o w i n g  p o i n t s  shou ld  be considered. 

1. 

2. Above 15OoC, the  d i f f e r e n t i a l  c u r v e  spreads upward. 

The pr imary  e f f e c t  ( t h e  f i r s t  endothermic peak) appears a t  about 100°C. 
e f f e c t  occurs o n l y  i n  connect ion  w i t h  evapora t ion  o f  p h y s i c a l l y  absorbed water. 

I t s  peak temperature i n d i -  
cates t h e  i n i t i a t i o n  o f  i n t e n s e  thermal decomposi t ion o f  o r g a n i c  mat te r .  Wi th  
r e s p e c t  t o  gas-coals, t he  temperature o f  t h i s  peak i s  l oca ted  a t  about 270OC. 
The temperature o f  t h i s  exo thermic  peak w i l l  be a f f e c t e d  by  t h e  h e a t i n g  ra te .  
S t r u c t u r a l  s t u d i e s  had n o t  shown t h e  breakdown o f  coa l  s t r u c t u r e  when i t  was 
heated t o  below 25OoC and t h e r e  was a l i t t l e  p o s s i b i l i t y  o f  chemical change. 
Some r e a c t i o n s ,  such as dehydrogenat ion,  s u r f a c e  o x i d a t i o n  and dehydra t ion ,  
e x h i b i t  an exothermic e f f e c t  (7 ) .  
a l ready  y i e l d e d  f rom gas-coals (1 ) .  

coa l  p y r o l y s i s  show endothermic c h a r a c t e r  as a r e s u l t  o f  t he  decomposi t ion 
reac t i on ,  polycondensat ion o f  p y r o l y s i s  p roduc ts  and phase t r a n s f o r m a t i o n .  The 
q u a n t i t y  o f  v o l a t i l e  y i e l d  between t h e  second and t h i r d  peaks makes up almost 
one h a l f  o f  the  t o t a l  v o l a t i l e  m a t t e r .  

Th is  

A t  t h i s  p o i g t  water  o f  decomposi t ion i s  

3. Beyond 3OO0C the  d i f f e r e n t i a l  c u r v e  s t a r t s  t o  dec l i ne .  The thermal e f f e c t s  o f  

The e x i s t e n c e  o f  a W-shape peak expresses the  s i t u a t i o n  o f  coa l  i n  p l a s t i c  stage. 
AS i l l u s t r a t e d  i n  F i g u r e  2, t h e r e  i s  l i t t l e  d i f f e r e n c e  i n  the  appearance o f  d i f f e r -  
e n t i a l  curves between the o r i g i n a l  coa l  and t h e  f a s t  preheated (5OoC/min) t o  28OoC 
coa l .  I t  shows t h a t  deep d e s t r u c t i o n  has n o t  taken p l a c e  d u r i n g  the  f a s t  h e a t i n g  o f  
coa l .  However, on the  thermogram o f  char ,  a s i m i l a r  W-shape peak disappears.  The 
curve i s  smooth b e f o r e  t h e  temperature reaches 536OC. Th is  i s  because t h e  pr imary  
decomposi t ion and e v o l u t i o n  o f  v o l a t i l e  m a t t e r  and the  phase convers ion  e s s e n t i a l l y  
have been completed. 
O f  t h e  p l a s t i c  s ta te .  
migh t  a l so  be a f f e c t e d  by t h e  i n c r e a s e  i n  thermal c o n d u c t i v i t y  when t h e  p a r t i c l e s  
became agglomerated. I n  essence, t he  f i r s t  d i p  o f  t h e  curve  occurs when coa l  so f tens  
and changes t o  a p l a s t i c  s t a t e .  The second d i p  occurs d u r i n g  r e s o l i d i f i c a t i o n  o f  
t he  p l a s t i c  mass. 

4. 

There fore  the  e x i s t e n c e  o f  t h a t  W-shape peak i s  c h a r a c t e r i s t i c  
The phenomenon o f  exothermic e f f e c t  w i t h i n  a W-shape peak 

The general  thermal e f f e c t  becomes c l e a r l y  exothermic a t  temperatures o f  51O-55O0C. 
The r i s e  o f  t he  curve  i n d i c a t e s  t h e  f o r m a t i o n  o f  a semi-hard s t r u c t u r e .  Th is  
secondary c a r b o n i z a t i o n ,  accompanied by l i b e r a t i o n  o f  r e s i d u a l  hydrogen from the  
per iphery  of a romat ic  c l u s t e r s ,  i n  every  caseg ives  r i s e  t o  an exothermic peak. 
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5. A t  temperatures above 76OoC, s l i g h t  endothermic e f f ec t s  could be observed. 
These e f fec ts  a re  due t o  fur ther  regulation i n  the arrangement of hexagonal 
carbon network. 

The e f f ec t  of mineral matters under h i g h  temperatures may be re f lec ted  on the 
thermogram. 
shown i n  Figure 3. 
decomposition of organic matter. 
there appears a n  obvious endothermic e f f ec t ,  which i s  cha rac t e r i s t i c  of t h i s  
additive. 

6. 
The thermogram of coal sample No. 2 with a 20% lime addi t ive  i s  

To a cer ta in  degree, mineral matters a f f ec t  thermal 
Par t icu lar ly  a t  temperature ranges of 75O-85O0C, 

CONSTITUENT CHANGES OF NONVOLATILIZED MATERIAL 

The chemical reaction of thermal decomposition of gas-coal organic matter i s  
extremely complex. 
the study of consti tuent a l te rna t ion  of gas-coal organic matter i s  helpful i n  explain- 
i n g  the mechanism of thermal decomposition. 

No. 2 heated to  each charac te r i s t ic  peak temperature a r e  given in Tables 2 and 3. 
i s  the r a t i o  of to ta l  hydrogen and carbon to  to ta l  content of o ther  elements. 

klhile i t  i s  d i f f i c u l t  to  postulate the thermochemical reactions,  

Elemental composition data of nonvolatilized material from gas-coals No. 1 and 

;ac e hydrogen-containing grade (fH) i s  the atomic r a t i o  of hydrogen to  carbon. The 
carbonization grade ( f c )  is  an index of the atomic r a t i o  of carbon to  noncarbon 
elements. This r a t i o  f o r  the original coal i s  assigned a n  index value of 1.0. The 
aromaticity ( f a )  i s  calculated according t o  Van Krevelen and Schuyer's formula (8 ) .  

chemical decomposition i s  in i t i a t ed  from hydrogen- and oxygen-rich groups. As data 
ind ica te ,  the hydrogen content of nonvolatilized material decreases sharply as the 
pyrolysis process proceeds. 
s t ruc ture  i s  strengthened because of the polycondensation reaction. The carbonization 
grade of nonvolatilized material increases s teadi ly  w i t h  the increase of temperature. 
For coal sample No. 1 ,  carbon-to-hydrogen r a t i o  changes from C6H5.2, approximated t o  
the aromatic composition of benzene, t o  CgH0.9. As shown i n  Figure 4, f c  r i s e s  from 
0.722 to  0.999 and eventually s t ab i l i ze s .  

The carbonization process i s  carried out simultaneously with dehydrogenation. 
This i s  shown  by the decreasing hydrogen-containing grade. Meanwhile, the  carbon- 
ization of condensed carbon rings exhib i t s  a n  aromatizing cha rac t e r i s t i c ,  as indi- 
cated by the increase of aromaticity. So i t  may be presumed tha t  chemical s t ruc ture  
changes only in the d i rec t ion  of high polycondensation of aromatic rings.  

These two gas-coals begin t o  decompose a t  about 27OoC. I t  appears t h a t  thermo- 

On the contrary, the main par t  of the carbon ring 

CONSTITUENT CHANGES IN VOLATILIZED MATERIAL 

As a r e su l t  of thermochemical decomposition, cer ta in  f rac t ions  of coal organic 
The changes in vo la t i l e  matter content of gas- matter turn in to  vo la t i l e  matter. 

coals No. 1 and No. 2 a re  l i s t ed  in Tables 2 a n d  3. 
As previously s ta ted  tha t  i n  the  temperature range between the second and th i rd  

peaks, i.e. 258-435OC f o r  gas-coal No. 1 and 274-438OC f o r  gas-coal No. 2 ,  the 
evolving r a t e  of vo la t i l e  products i s  higher t h a n  i n  o ther  ranges. 
lution r a t e  f o r  gas-coal No. 2 appears in a higher temperature in te rva l  ranging from 
372OC t o  438OC. I t  shows tha t  gas-coal No. 2 probably has a higher thermal s t a b i l i t y  
than gas-coal No. 1. 

The devola t i l i za t ion  process may be divided in to  three  stages. Referring t o  the 
DTA curve fo r  gas-coal No. 1 ,  temperature ranges f o r  t he  three  stages are 20-435OC, 
435-53OoC and beyond 530OC. The chemical composition of evolved vola t i l i zed  material 
changes s ign i f icant ly ,  depending on the various temperature ranges. These data are 
l i s t ed  i n  Tables 4 and 5. Where, Cv, H v ,  (O+S)v and Nv a re  contents of carbon, 
hydrogen, oxygen and su l fu r ,  and  nitrogen in vola t i l i zed  material  i n  w t . %  respectively, 
6C, 6H, 6(O+S) a n d  6 N  (wt.9 
vo la t i l e  products in certaih temperature ranges. 

The higher evo- 

daf) a r e  the quant i t ies  of each element converted in to  
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TABLE 2. CONSTITUENT CHANGES OF NONVOLATILIZED 
MATERIAL DURING HEATING OF COAL SAMPLE NO. 1 

80.51 
5.83 

11.69 
1.97 
6.3 
0.87 
1 .oo 
0.722 

TYPE OF 
ANALYSIS DATA 

V o l a t i l e  Mat te r * ,  
VMo, % 

E v o l v i n g  Rate o f  
V o l a t i l e  M a t t e r  

( A V M O ~ C )  x l o o  
Composi t ion o f  non- 

v o l a t i l i z e d  
m a t e r i a l ,  %, d a f  
Carbon 
Hydrogen 
Oxygen & S u l f u r  
N i t r o g e n  

RH C 
fH 
f C 
f a  

3.6 10.4 

82.20 84.04 
5.51 4.11 

10.29 9.57 
2.00 2.28 
7.1 7.4 
0.81 0.59 
1.09 1.44 
0.771 0.937 

Wei h t  o f  VM o f  
*"'" = Wei:ht o f  o r i g i  

7.0 

PEAK TEMPERATURE 
ORIGINAL 

39.9 15.6 

9.7 1.7 1.3 

84.70 
3.51 

86.70 
3.11 

34.4 

9.40 7.85 4.18 2.74 
2.39 1 :::4 1 2.29 1 1.87 
7.5 14.4 20.7 

25.7 

TYPE OF 
ANALYSIS DATA 

V o l a t i l e  Mat te r * ,  
VMo, % 

E v o l v i n g  Rate o f  
V o l a t i l e  M a t t e r  
( A V M O ~ C )  x l o o  

Composi t ion o f  non- 
v o l  a t i  1 i zed 
m a t e r i a l ,  %, d a f  
Carbon 
Hydrogen 
Oxygen & S u l f u r  
N i t r o g e n  

1.2 

82.11 
4.95 

10.95 
1.99 
6.7 

1.13 
0.77C 

0.73 
RH C 

f a  

fH 
f C 

8.9 

82.50 
4.25 

11.12 
2.13 
6.5 

1.29 
0.85 

0.62 

O!?IGINAL 
COAL 

36.5 

81.20 
5.59 

11.25 
1.96 
6.5 
0.82 
1 .oo 
0.757 

91.60 
1.93 

94.20 
1.19 

TABLE 3. CONSTITUENT CHANGES OF NONVOLATILIZED 
MATERIAL DURING HEATING OF COAL SAMPLE NO. 2 

AK TEMPERATUR -7 I IP & 

438 

15.4 

15.6 

34.77 
3.30 
9.70 
2.23 
7.4 
0.47 
1.65 
0.931 

__ 

51 4 - 

1.8 

4.7 

5.18 
3.20 
9.37 
2.19 
7.7 
0.45 
1.72 
0.97: 

- 
563 

1 .o 

1.6 

7.44 
2.86 
7.59 
2.11 
9.3 
3.39 
2.00 
3.95 

- 
735 

5.41 

3.3 

30.76 
1.83 
5.20 
2.21 

12.5 
0.24 
3.11 
0.988 

OKE 

1.91 

1.6 

4.27 
0.70 
3.11 
1.92 
9.0 
0.09 
7.26 
0.998 
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TABLE 4. CHEMICAL COMPOSITION OF VOLATILIZED MATERIAL 
RELEASED FROM HEATING GAS-COAL NO. 1 

TEMPERATURE RANGE, "C 
CHEH I CAL COMPOS I T I  ON 20-435 435-530 BEYOND 530 

Element  Converted, Wt .%,  da f  

6C 
6H 

6N 
6(0tS) 

Elementa l  Composi t ion,  % 

c v  
Hv 

Nv 

Atomic R a t i o  

C 
H 
0 

(O+S)v 

11.30 
2.44 
3.71 
0.08 

64.46 
13.92 
21.16 

0.46 

5.4 
13.9 

1.3 

5.01 
1.13 
2.21 
0.17 

58.80 
13.26 
25.94 

2.00 

4.9 
13.3 

1.6 

2.85 
1.50 
3.98 
0.50 

32.28 
16.98 
45.08 

5.66 

2.7 
17.0 

2.8 

TABLE 5. CHEMICAL COMPOSITION OF VOLATILIZED MATERIAL 
RELEASED FROM HEATING COAL SAMPLE NO. 2 

TEMPERATURE RANGE, OC 
CHEMICAL COMPOS1 TION 20-438 438-563 BEYOND 563 

Element  Converted, W t . % ,  da f  

6C 
6H 

6N 
S(0tS) 

Elementa l  Composi t ion,  % 

cv 
Hv 

Nv 
(O+S)v 

9.93 
2.82 
2.98 
0.06 

62.87 
17.86 
18.87 
0.40 

4.03 
0.54 
2.33 
0.07 

57.82 
7.75 

33.43 
1 .oo 

3.59 
1.69 
3.80 
0.13 

38.98 
18.35 
41 -26 

1.41 

Atomic R a t i o  

C 5.2 4.8 3.2 
H 17.9 7.8 18.3 
0 1.2 2.1 2.6 
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Although carbon evo lves  d u r i n g  t h e  p y r o l y s i s  o f  coa l ,  most o f  t h e  carbon remains 
n o n v o l a t i l i z e d .  
sample No. 1 conver ts  i n t o  v o l a t i l e  products,  and 21.6% o f  carbon i n  coa l  sample No. 
2 converts i n t o  v o l a t i l e  products.  Furthermore, t h e  e v o l u t i o n  o f  v o l a t i l e  carbon i s  
r e l a t i v e l y  concent ra ted  i n  t h e  270-550°C temperature range. 
h a r d l y  p a r t i c i p a t e s  i n  devol  a t 1  il i z a t i o n .  

R e f e r r i n g  t o  Tables 6 and 7, o n l y  about 25% o f  t h e  carbon i n  coal  

Below 27OoC, carbon 

TABLE 6. DECOMPOSITION AND DEVOLATILIZATION RATES OF 
EACH ELEMENT I N  HEATED GAS-COAL NO. 1* 

RATE OF ELEMENTAL 
DECOMPOSITION, % 258 435 482 530 760 COKE 

PEAK TEMPERATURE, OC 

A c  - 14.0 18.9 21.4 22.5 25.0 
AH 6.0 41.7 53.3 61.2 77.4 86.8 
A(O+S) 12.9 31.7 38.2 50.6 75.6 84.5 
* 

x 100% Ac = Weight o f  carbon d e v o l a t i l i z e d  
Weight o f  carbon i n  o r i g i n a l  coa l  sample 

x 100% = Weight o f  hydrogen d e v o l a t i l i z e d  
Weight o f  hydrogen i n  o r i g i n a l  coa l  sample 

x 100% = T o t a l  we igh t  o f  oxygen and s u l f u r  d e v o l a t i l i z e d  
T o t a l  we igh t  o f  oxygen and s u l f u r  i n  o r i g i n a l  coa l  sample 

TABLE 7. DECOMPOSITION AND DEVOLATILIZATION RATES 
OF EACH ELEMENT I N  HEATED GAS-COAL NO. 2 

RATE OF ELEMENTAL PEAK TEMPERATURE, OC 

DECOMPOSITION, % -274 372 438 514 563 735 COKE 

AC 1.4 5.7 12.3 15.7 17.2 18.6 21.6 
AH 13.4 29.1 50.5 53.1 60.1 76.0 90.4 
A(o+s) 3.7 6.9 26.5 29.6 47.3 66.4 81.0 

Hydrogen p l a y s  an i m p o r t a n t  r o l e  i n  t h e  coa l  p y r o l y s i s  process. The bas i s  o f  
p y r o l y t i c  change may be looked a t  as a r e d i s t r i b u t i o n  o f  hydrogen among newly formed 
produc ts  (1 ) .  Large q u a n t i t i e s  o f  hydrogen a r e  consumed f o r  t he  f o r m a t i o n  o f  water, 
hydrogen su lph ide  and ammonia. 
necessary f o r  t h e  y i e l d  o f  t a r r y  p r o d u c t s  and f o r  t h e  f o r m a t i o n  o f  f u s i b l e  m a t t e r  i n  
t h e  p l a s t i c  stage. The amount o f  l i q u i d  phase and t h e  degree of s o f t e n i n g  inc rease 
w i t h  i n c r e a s i n g  amounts o f  f r e e  hydrogen i n  t h e  coa l .  For coa l  sample No. 2, which 
produces a more s t a b l e  p l a s t i c  mass, t h e  q u a n t i t y  o f  hydrogen evo lved a t  t he  second 
s tage ( p l a s t i c  stage) i s  lower  than t h a t  i n  sample No. 1. 

The f ree  hydrogen may be b e t t e r  p reserved i n  p l a s t i c  mass under pressure.  
has been proven by exper iment t h a t  up t o  6OO0C, p l a s t i c  coa l  b r i q u e t t e s  gave of f  l e s s  
hydrogen than t h e  same coal  packed i n  a l o o s e  mass (9 ) .  Thus, p r e s s u r i z a t i o n  i s  
ex t remely  impor tan t  i n  the  d e s t r u c t i v e  hydrogenat ion  o f  coa l .  I n  t h e  convent iona l  
p y r o l y s i s  process, however, t h e  n o n v o l a t i l e  p a r t  o f  carbon cannot be d e v o l a t i l i z e d  
because of a lack  o f  thorough s t r u c t u r a l  d e s t r u c t i o n .  Furthermore, t h e  amount of 
f ree  hydrogen i s  l i m i t e d ,  thus i t  i s  i m p o s s i b l e  t o  y i e l d  a g r e a t  dea l  o f  l i q u i d  
p roduc ts .  

The remain ing  hydrogen, c a l l e d  f r e e  hydrogen, i s  

I t  
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A f t e r  55OoC, t h e  q u a n t i t y  o f  d e v o l a t i l i z a b l e  hydrogen i s  s t i l l  s i z a b l e .  It holds 
I n  a 

A t  t h i s  stage v o l a t i l e  p roduc ts  
th ree- four ths  o f  t he  t o t a l  atomic amount o f  v a r i o u s  elements (Tables 4 and 5). 
smal l  degree, carbon conver ts  i n t o  v o l a t i l e  products.  
shou ld  be l i g h t  gaseous produc ts ,  such as hydrogen and methane. C l e a r l y ,  the  p ro -  
d u c t i o n  o f  l i q u i d  p roduc ts  by e i t h e r  p y r o l y s i s  o r  o t h e r  convers ion  processes may be 
c o n t r o l l e d  on ly  b e f o r e  reach ing  t h e  exo thermic  peak w i t h i n  the  W-shape ( F i g u r e  1).  

CONCLUSIONS 

1. 

2. 

3. 

4. 

1. 

2. 

3. 

4. 

5. 

6. 

7 .  

8. 

9. 

Th is  s tudy  o f  thermographical  curves and corresponding assay data o f  gas-coals a t  
peak temperatures has shown t h a t  thermal e f f e c t s  were c l o s e l y  connected w i t h  the  
decomposi t ion o f  coa l  o rgan ic  m a t t e r  and i t s  changes i n  chemical composi t ion.  

A f t e r  t h e  second peak (exo thermic )  temperature,  gas-coals s t a r t e d  t o  decompose 
in tense ly .  Thermal decomposi t ion was i n i t i a t e d  from hydrogen- and oxygen-r ich 
t h e r m a l l y  u n s t a b l e  c o n s t i t u e n t s .  

The e v o l u t i o n  o f  v o l a t i l e  carbon f r o m  s o l i d  substances was concent ra ted  i n  t h e  
temperature range between the  second and t h i r d  peaks. 
decomposi t ion b e f o r e  reach ing  the  exothermic peak w i t h i n  the  W-shape i s  o f  g r e a t  
importance. Improving i n t e r r e a c t i o n  between v o l a t i l e  carbon and f r e e  hydrogen, 
coal  p y r o l y s i s  and o t h e r  coa l  convers ion  processes c o u l d  be improved t o  y i e l d  a 
g r e a t e r  amount o f  hydrocarbon produc ts .  

Beyond t h e  second endothermic peak w i t h i n  t h e  W-shape, t h e  atomic r a t i o  of carbon 
t o  the  sum o f  o t h e r  elements i n  n o n v o l a t i l i z e d  m a t e r i a l  increased markedly. The 
a r o m a t i c i t y  o f  n o n v o l a t i l i z e d  m a t e r i a l  tends t o  i n c r e a s e  w i t h  t h e  r i s e  o f  t h e  
c a r b o n i z a t i o n  degree. 

The c o n t r o l  o f  thermal 
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a .  Coal Sample No. l 
b .  Coal Sample No. 2 
c .  Coal Sample No. 3 
d .  Coal Somple No. 4 

FIGURE 1. THERMOGRAMS OF GAS-COALS 

a .  Orlgtnal Coal 
b .  Fast Preheated Coal 

c .  Char From Preheated Coal  

d .  Coke From Preheated Coal 

FIGURE 2. THERMOGRAMS OF GAS-COAL SAMPLE NO. 5 



FIGURE 3. THERMOGRAM OF GAS-COAL SAMPLE NO. 2 
WITH LIME ADDITIVE 
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MODEL PATHWAYS FOR GEX RELEASE FROM LIGNITES 
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Introduction: 

Recent developments l imi t ing  petroleum supplies have in tens i f ied  the search 
fo r  other sources of energy and chemical feedstocks. 
coa l ,  of which l i gn i t e s  a r e  espec ia l ly  abundant i n  the  U.S.  ( l ) ,  and those renew- 
ab le  resources termed biomass, of which l ign in  i s  a major component ( 2 ) .  Commercial 
methods f o r  processing both coal and biomass invariably involve h i g h  temperature 
treatments, aspects of which h a v e  been investigated in many laboratory pyrolyses of 
l ign in  and l i gn i t e s  (3-5). Unfortunately, the  bas ic  pathways and reaction mechan- 
isms involved in these pyrolyses have remained obscure, on account both of the 
refractory nature of the subs t ra tes  and the lack of unequivocal chemical s t ruc tures  
t o  describe them. Pyrolyses of several  very simple l ign in- re la ted  subs t ra tes  have 
a l so  been reported, notably by Russian inves t iga tors  (6-11). Among these,  the py- 
rolyses of anisole and guaiacol (6-9) have been interpreted (11) i n  terms of ana- 
logous f r ee  radical demethylation and detnethoxylation mechanisms which describe 
the  formation of the observed gaseous products, methane and carbon monoxide, b u t  
a r e  unable t o  r a t iona l i ze  the  corresponding observed l iqu id  products, benzene, 
phenol, and catechol. 
theoretical  or experimental, f o r  modeiling gas re lease  during pyrolysis of l i gn i t e s  
and l ignin.  

First, the primary evolution 
of gas during l i g n i t e  pyrolysis i s  presumed t o  occur from l ign in- re la ted ,  residues 
i n  the coal. Second, i t  is  hypothesized t h a t  t he  molecular topology of lignoid 
s t ruc tures  favors elimination of gases by concerted per icyc l ic  reactions which a re  
thermally ( i . e . ,  ground state)-allowed. In regard t o  the  f i r s t  hypothesis, the 
evolutionary l ink  between biomass and coal i s  r e l a t i v e l y  well established (12,13! 
w i t h  l ignin akin to  peat, which i s  adjacent to  l i g n i t e  i n  the coa l i f i ca t ion  se r i e s .  
I t  i s  therefore qu i t e  reasonable to  expect l ign in- re la ted  residues in l i g n i t e ;  
indeed, such residues can be recognized i n  most s t ruc tu ra l  models (1 ,14) of th i s  
Coal. Our second hypothesis, which has n o t  h i the r to  been mooted, i s  based on ana- 
l y s i s  of the Freudenberg model of l i gn in  ( 2 )  i n  l i g h t  of the  Woodward-Hoffman (15) 
description of therm1 per icyc l ic  reac t ions .  Such analyses revealed a variety of 
lignoid chemical moieties suscept ib le  t o  pyrolysis by per icyc l ic  pathways t h a t  in- 
volve elimination of gaseous products such a s  methane, carbon monoxide, carbon d i -  
oxide and water. According t o  the  per icyc l ic  formalism, methane m i g h t  o r ig ina te  
by concerted 6e(onu) group-transfer elimination from a guaiacyl moiety: 

( R O )  

Two such a l t e rna t ives  a r e  

Overall ,  t he  l i t e r a t u r e  s t i l l  provides no framework, e i ther  

T h i s  motivated the present work. 

Our investigation der ives  from two hypotheses. 

p%[q &Ctl q -+ + +g; T 3 , .  
OH t+ 

Guaiacyl 6e Transit ion o-diquinone + Methane 
Moiety S ta t e  Products 

The guaiacyl moiety i s  r e l a t i v e l y  abundant i n  the  l ign in  s t ruc tu re  i t s e l f ,  w i t h i n  
coniferyl alcohol monomer uni t s  which have suffered polymerization in the 5 and/or 
6 Positions; guaiacyl moieties can a l s o  a r i s e  from reversion of the prevalent 
6-ether linkage between monomer units. 
a r i s e  by cheletropic extrusion of a carbonyl u n i t ,  such as t h a t  i n  coniferaldehyde, 

In s imi la r  vein,  carbon monoxide could 
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and carbon d i o x i d e  by c y c l o - r e v e r s i o n  o f  l a c t o n e s  and a r y l - c a r b o x y l  i c  ("humic") 
ac ids .  
t i o n s  among the g u a i a c y l - g l y c e r o l  u n i t s  i n  l i g n i n ,  p o s s i b l y  f o l l o w i n g  B-ether  r e -  
ve rs ion .  

F i n a l l y ,  p e r i c y c l i c  e l i m i n a t i o n  o f  wa te r  c o u l d  r e s u l t  f rom r e t r o - e n e  reac -  

The preceding hypotheses f o r  gas r e l e a s e  f rom l i g n i t e s  a r e  amenable t o  e x p e r i -  
menta l  p rob ing  by p y r o l y s i s  o f  a p p r o p r i a t e  model compounds. I n  t h e  p resen t  paper we 
r e p o r t  p r e l i m i n a r y  r e s u l t s  f o r  two s e r i e s  o f  subs t ra tes  r e s p e c t i v e l y  assoc ia ted  
w i t h  methane and w i t h  carbon monoxide p roduc t i on .  Methane f o r m a t i o n  was examined 
by  pyro lyses o f  gua iaco l ,  t h e  p r o t o t y p i c a l  gua iacy l  moiety ,  a long  w i t h  a n i s o l e  (con- 
t r o l ) ,  and a nu!iiber o f  s u b s t i t u t e d  guaiacols ,  i n c l u d i n g  2,6 dimethoxyphenol, i s o -  
eugenol, and v a n i l l i n .  Carbon monoxide r e l e a s e  was i n v e s t i g a t e d  by  p y r o l y s i n g  
benzaldehyde, t h e  p r o t o t y p i c a l  moiety ,  a long  w i t h  r e l a t e d  ca rbony l  compounds i n -  
c l u d i n g  acetophenone ( c o n t r o l ) ,  cinnanialdehyde and v a n i l l  i n ,  t h e  l a t t e r  two res -  
p e c t i v e l y  in tended t o  i l l u s t r a t e  t h e  e f f e c t s  o f  extended c o n j u g a t i o n  and gua iacy l  
s u b s t i t u t i o n .  

Experimental : 

98% and were used as rece ived .  
" t u b i n g  bombs", fash ioned f rom Swagelok components and r a n g i n g  i n  volume f rom 0.6 
t o  10.5 cnd. 
w h i l e  the sma l le r  r e a c t o r s  were used t o  m in im ize  heat-up and quench t imes i n  ex- 
per iments o f  s h o r t  d u r a t i o n .  K i n e t i c  data were demonstrab ly  u n a f f e c t e d  by v a r i a -  
t i o n s  i n  r e a c t o r  volume. A11 r e a c t o r s  were loaded and sea led  i n  a g love  box main- 
t a i n e d  w i t h  an i n e r t  atmosphere o f  e i t h e r  n i t r o g e n  o r  argon, t h e  i n e r t  s e r v i n g  as 
an i n t e r n a l  s tandard i n  l a t e r  gas analyses. The r e a c t o r s  were t h e n  immersed i n  a 
f l u i d i z e d s a n d b a t h  f o r  t h e  d u r a t i o n  o f  r e a c t i o n  and f i n a l l y  quenched i n  an i c e  
wa te r  bath. The p y r o l y s i s  experiments were conducted a t  temperatures f rom 250 t o  
600 C, w i t h  h o l d i n g  t imes o f  2 t o  40 minutes.  
h e l d  t o  l e s s  than 30%, i n  an e f f o r t  t o  emphasize p r imary  r e a c t i o n s ;  however, k ine -  
t i c  data were a l s o  obta ined a t  ve ry  low convers ions,  o f  < 10% f o r  some subs t ra tes  
which were prone t o  form coke, and a t  h i g h  convers ions,  up t o  90%, i n  o t h e r  s e l -  
ec ted  instances.  The amount of s u b s t r a t e  charged va r ied .  f rom 10 t o  200 mg, t o  pro-  
v i d e  i n i t i a l  s u b s t r a t e  concen t ra t i ons  rana ing  f rom 0.15to 3.1) mol/ i l  i n  t h e  gas 
phase. 
5730 inst rument .  Gaseous products ,  sampled by s y r i n g e ,  were analysed on mo lecu la r  
s ieve ,  s i l i c a  ge l ,  and Porapak Q columns u s i n g  h e l i u m  c a r r i e r  gas and thermal  con- 
d u c t i v i t y  de tec to rs .  
and analysed on Porapak P and Q, and s i l i c o n e  o i l  columns, u s i n g  e i t h e r  thermal 
c o n d u c t i v i t y  o r  f l a m e - i o n i z a t i o n  d e t e c t i o n .  Care was taken  t o  e f f e c t  m a t e r i a l  
ba lance c losu res  and t o  match gas and l i q u i d  p r o d u c t  y i e l d s .  I n  a l l  cases, t he  
l i q u i d  (and s o l i d )  phase m a t e r i a l  balance, which i n v a r i a b l y  i n c l u d e d  unreacted sub- 
s t r a t e ,  cou ld  be c losed  t o  w i t h i n  +lo$. I n  f a v o r a b l e  cases, where r e a c t i o n  s t o i -  
ch iomet ry  was known, the  abso lu te  gas and l i q u i d  products  agreed t o  w i t h i n  + l o %  o f  
each o the r  and separa te l y  equa l l ed  the  amount o f  s u b s t r a t e  conver ted.  However i n  
c e r t a i n  o t h e r  cases, noted i n  t h e  t e x t ,  r e a c t i o n  s t o i c h i o m e t r y  was u n c e r t a i n  and 
p r e c i s e  match ing of gaseous and l i q u i d  products  impossib le ;  i n  such ins tances ,  
s u b s t r a t e  decomposi t ion k i n e t i c s  were based on 1 i q u i d  phase analyses.  

Resu l t s :  

The subs t ra tes  py ro l ysed  were a l l  commerc ia l lv  a v a i l a b l e  i n  p u r i t i e s  exceeding 
The batch r e a c t o r s  employed were s t a i n l e s s  s t e e l  

The l a r g e r  r e a c t o r s  were equipped w i t h  v a l v e s  f o r  gas sampling, 

Subs t ra te  convers ions  were g e n e r a l l y  

Product analyses were e f f e c t e d  by gas chromatography on a Hewlet t -Packard 

L i q u i d  and s o l i d  r e a c t o r  con ten ts  were d i s s o l v e d  i n  s o l v e n t  

Table 1 sumnarizes t h e  p resen t  exper imenta l  g r i d .  F o r  each s u b s t r a t e  pyre- 
l ysed ,  the t a b l e  l i s t s  chemical s t r u c t u r e ,  p u r i t y ,  and r e a c t i o n  c o n d i t i o n s  of  
temperature, h o l d i n g  t ime and concen t ra t i on .  The exper imen ta l  r e s u l t s  w i l l  be 
descr ibed i n  t h r e e  p a r t s ,  namely ( i )  p r o t o t y p e  py ro l yses ,  of gua iaco l  and benzal -  
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dehyde, which revealed major pathways fo r  methane and carbon monoxide f o r m t i o n ,  
( i i )  subs t i tuentef fec ts ,  in fer red  from pyrolyses of subs t i tu ted  guaiacols and 
benzaldehydes, and ( i i i )  control pyrolyses,  of the r e l a t ive ly  re f rac tory  sub-  
s t r a t e s  an iso le  and acetophenone, f o r  comparisons with the prototype pyrolyses. 

( i )  Prototype Pyrolyses 

the only products a t  low conversions; a t  high conversions a so l id  'coke' a l so  
formed, being accompanied by reduced y i e lds  of catechol r e l a t ive  t o  the other 
products. Relationships among products a r e  i l l u s t r a t e d  i n  Figure 1.  The mol 
r a t io s  of (methane/catechol), Figure l a ,  and (carbon monoxide/phenol), Figure 
lb ,  were each separately c lose  to  unity in  e s sen t i a l ly  a l l  cases,  covering 
fractional subs t ra te  conversions 0.5 x 10 -3 < x < 0.10 a t  a l l  temperatures 
from 250 t o  450 C. Also, the  mol r a t i o s  of (CO/CH4) and (phenol/catechol) 
were each subs tan t ia l ly  independent o f  subs t r a t e  conversion a t  any given 
temperature, as  shown in Figure IC .  
pathways f o r  guaiacol decomposition, respectively termed ( R l )  and ( R 2 ) :  

Guaiacol pyrolysis yielded methane, carbon monoxide,cztechol and phenol as  

These observations suggest two para l le l  

The parentheses t o  the r i g h t  of each expression ind ica te  the d i f fe rence  in 
hydrogen atoms between the subs t r a t e  and the  observed pair  of s t ab le  products. 
The order of reactions (Rl )  and (E2) w i t h  respect t o  guaiacol was examined 
by varying the i n i t i a l  subs t r a t e  concentration from 0.45 t o  3.0 mol/l i n  a 
s e r i e s  of experiments a t  T = 350C. These data a r e  disnlayed i n  Figure 2, 
parts a ,  b ,  and c of which respec t ive ly  p lo t  the var ia t ion  with time of guaiacol, 
catechol, and phenol concentrations,  each normalized by the i n i t i a l  guaiacol con- 
centration. O n  the co-ordinates of Figure 2, a reac t ion  w i t h  r a t e  expression 
r = kCa , i .e. r a t e  constant k and order a ,would y i e ld  an i n i t i a l  slope 
I dln  (C/Co)/ d t l  In each of Figures 2a, 2 b ,  and 2c, a sin- 
g l e  average slopesufficed t o  descr ibe  a l l  of the  data.  No systematic varia- 
t ion of i n i t i a l  s lope  w i t h  i n i t i a l  subs t ra te  concentration could be discerned 
and t h e  absolute uncer ta in t ies  i n  the s lope ,  respectively ?20% in Figures 2a 
and 2b and *50% i n  Figure Zc, were small r e l a t i v e  t o  the seven-fold range of 
i n i t i a l  concentrations used. The foregoing show tha t  a=l  f o r  each o f  reac- 
t ions (Rl) and ( R 2 ) ;  t h a t  i s ,  the k ine t ics  of guaiacol disappearance, catechol 
appearance, and phenol appearance were a l l  e s sen t i a l ly  f i r s t  order i n  guaiacol. 
Further study of guaiacol pyrolyses a t  temperatures from 330 t o  525 C w i t h  
fixed i n i t i a l  concentration 0.45 mol/l revealed the temperature-dependence of the 
f i r s t  order r a t e  constants kl and k2 respectively associated w i t h  reactions 
(R1) and CR2). These r e su l t s  a r e  shown in Figure 3,  a n  Arr enius diagram w i t h  
co-ordinates of log k ( 5 - j )  vs. reciprocal temperature e - ?  where 0 = 
4.573 x T i n  Kigvins; on these co-ordinates,  the usual Arrhenius re la t ion-  
s h i p  describes a s t r a i g h t  l i n e ,  loglok = logl A - E*/e, where the pre-exponen- 
t i a l  factor A has units of the r a t e  constant f! and the ac t iva t ion  energy E* 
is  expressed in kcal/mol. In Figure 3 i t  is evident t h a t  log1 k (sho n by 
Circles) increases l i nea r ly  with decreasing reciprocal tempera?uJe 
an Arrhenius re la t ionship  over a range of f i v e  orders of magnitude i n  k l .  
bes t  f i t  of these data y i e lds  Arrhenius parameters o f  (log1 A ( s - I ) ,  
E: (kcal/mOl)) = (10.9 * 0 .5  , 43.7 
Figure 3, loglokz (squares) is seen t o  increase l i nea r ly  w i t h  e-1 over a range 

+, 0 = kC0a-l 

obeying 
The 

1.4) f o r  the reac t ion  TR1). Also i n  
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of four orders of magnitude in k 
(logleA (s-11 E* (kcal/mol)) = (?1.5 2 0.5,  47.4 f 1.6) f o r  reac t ion  ( R 2 ) .  These 
resu s also reveal t h a t  the  s e l e c t i v i t y  of ( C O / C H 4 )  formation from guaiacol,  given 
d i r ec t ly  by the  r a t io  (kz /k l ) ,  was typ ica l ly  o n  the order of 10-1 b u t  increased 
with increasing temperature, from 0.05 a t  300C t o  0.25 a t  450C. 

ducts; t races  of biphenyl and phenolic products were a l so  de tec ted ,  t h e i r  concen- 
t r a t ion  being from oneto two orders of magnitude l e s s  t h a n  t h a t  of benzene. 
mole r a t i o  of (CO/benzene)products was unity,  1.0 t 0.1, while t he  mols of CO and 
of benzene formed each c lose ly  equalled the moles of benzaldehyde t h a t  disappeared 
i n  a l l  cases,  covering f rac t iona l  subs t ra te  conversions from 0.01 t o  0.30 a t  temp- 
e ra tures  from 300 to  550C. T h u s  the benzaldehyde pyrolysis pathway was evidently:  

and t h i s  provides the  Arrhenius parameters 

Benzaldehyde pyrolysis yielded carbon monoxideand benzene as  the  major pro- 

The 

Variation of the  i n i t i a l  subs t ra te  concentration from 0.45 t o  3.0 mol/L a t  T = 400C 
showed reacticn (R3) t o  be s t r i c t l y  f i r s t  order i n  benzaldehyde, w i t h  the  r a t e  con- 
s t an t  k3 = (8.0 ? 2.0) x 10-3 s-1 e s sen t i a l ly  independent of concentration. F i n a l -  
l y ,  measurements of reaction (R3) k ine t ics  a t  temperatures from 300 t o  500C pro- 
vided the  data shown i n  Figure 4, a n  Arrhenius y lo t .  
( c i r c l e s )  increased l i nea r ly  with decreasing e- , the  best f i t  Arrhenius parameters 
being (loglo A ( s - I ) ,  E* (kca l /mol) )  = (9.5 f 0.8,  41.5 2 2.7).  

( i i )  Substi tuent Effects 

I t  i s  evident t h a t  log lo  k i  

Pyrolyses of 2,6 dimethoxyphenol, iso-eugenol, van i l l i n ,  and t-cinnamaldehyde 
probed the e f f ec t  of subs t i tuents  o n  t h e  prototype pathways described above. 

B o t h  o f  the  2,6 dimethoxyphenol and iso-eugenol subs t ra tes  decomposed c l ea r ly  
by pathways (R1) and ( R 2 )  analogous t o  guaiacol t o  y ie ld  methane, carbon monoxide, 
and the  corresponding 1 i q u i d  produs$, namely: 

v 'VI1 - .  
where the substit:Ient R i s  e i t h e r  6-methoxy o r  4-propenyl. 
r e su l t s  are sumar'zed i n  Table 2 which gives a matrix of f i r s t  order r a t e  con- 

type pathway. In Table 2 ,  values of k l  and k2  obtained f o r  each of 2,6 dinethoxy- 
phenol and iso-eugenol a r e  c lose  to  the  corresponding values f o r  guaiacol. That i s ,  
the kinetics of both methane and carbon nonoxide formation from these two subs t i tu ted  
guaiacols were very s imi la r  t o  those from guaiacol i t s e l f .  

Vanillin pyrolysis yielded C O  and methane as  the  principal gaseous products, 
the former predominant. Among l iqu ids ,  a t  low conversions, guaiacol and dihydroxy- 
benzaldehyde were na jor  products, the former predominant, while a t  higher conver- 
sions catechol also arose,  along w i t h  l e s se r  amounts of phenol; a t  t he  highest con- 
versions so l id  coke formed. A t  conversions of 0.02 < X < 0.20, the  mol r a t i o s  of 
(CO/guaiacol) and (CHq/dihydroxybenzaldehyde) were each approximately unity;  the  
l a t t e r  p a i r  of products were always l e s s  than the  former a t  low conversions, with 
the r a t i o  (CH4/CO) 
posed by pathways o!?he type (R3) and (R1) e a r l i e r  es tab l i shed  for benzaldehyde 
and guaiacol : 

The dssociated k ine t ic  

s t an t s ,  loglok ( 5 -  1 1, obtained a t  400C fo r  each subs t ra te  decomposing by each proto- 

0.1- a t  T = 400C. These data suggest t h a t  vanill i  n decom- 
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A t  high subs t ra te  conversions, t he  guaiacol and dihydroxybenzaldehyde products 
could fur ther  decompose by the  same kinds of pathways t o  y i e ld  the  catechol and 
phenol products observed. Kinetic data f o r  van i l l i n  pyrolysis a t  400°C are  summa- 
rized in Table 2 .  I t  i s  noteworthy t h a t  the r a t e  constant k f o r  van i l l i n  f a r  
exceeded t h a t  f o r  benzaldehyde while the r a t e  constant k was e s sen t i a l ly  equal 
t o  tha t  from guaiacol. T h u s  t he  r a t e  of arylaldehyde deiarbonylation was markedly 
enhanced by the  guaiacyl subs t i t uen t s  while the r a t e  o f  guaiacyl demethanation was 
v i r tua l ly  unaffected by the  carbonyl subs t i tuent .  

Pyrolysis o f  t-clnnamaldehyde y ie lded  CO a s  t he  major gaseous product, w i t h  
much smaller amounts of hydrogen, methane, and acetylene a l so  detected.  
of l iquid products arose among which a dimeric condensation product, phenols, plus 
cresols,  and styrene,  were each appreciable,  along w i t h  l esser  amounts of toluene, 
benzene, other a1 kyl benzenes and biphenyl. 
have n o t  y e t  been f u l l y  established. 
of (CO/styrene) products always approached unity a t  low subs t r a t e  conversions and 
the kinetics of styrene appearance were e s sen t i a l ly  f i r s t  order in subs t ra te  over 
a three-fold range of i n i t i a l  concentrations a t  350°C. 
i so la t ion  of a pathway o f  type (R3) f o r  CO formation from cinnamaldehyde: 

A number 

Product pathways f o r  t h i s  pyrolysis 
tiowever i t  was s ign i f i can t  t ha t  the  mol r a t i o  

This allows ten ta t ive  

The f i r s t  order r a t e  constant k 
three-fold grea te r  than t h a t  fo8  benzaldehyde, suggesting t h a t  decarbonylation 
r a t e s  are enhanced by conjugation. 

(iii) Control Pyrolyses 

Anisole pyrolysis produced methane and carbon monoxide as  the  major gaseous 
products with hydrogen a l so  present i n  appreciable amounts. The major l iqu id  prod- 
uc ts  were ortho-cresol , phenol, and benzene, with smaller amounts of toluene, xy- 
lenes ,  and xylenols a l so  detected.  A t  low subs t r a t e  conversions, the  product pro- 
portions were strongly influenced by reaction temperature. 
found tha t  CH4:CO::1 .0:0.4 and o-creso1:phenol:benzene: :3:1 :O.l, whereas a t  55OOC 
these r a t io s  were CH4:CO: :1:1 and o-cresol :phenol :benzene: :0.6:1 : l .  Among 
products, the r a t i o s  (methane/phenol) = 0.2 ? 0.1 and (CO/benzene) = 0.6 ? 0.2 
were roughly constant a t  subs t r a t e  conversions 0.01 < x < 0.30 and T = 450OC. 
Anisole pyrolysis thus appears t o  involve a t  l e a s t  th ree  major pathways, namely, 
re-arrangement t o  o-cresol,  formation of methane and phenol, and the  formation 
of CO and benzene. Further experiments a t  T = 450°C and spanning i n i t i a l  subs t ra te  
concentrations from 0.45 t o  3.1 mo1/2 showed t h a t  the overall  subs t r a t e  disappear- 
ance, as well as  the normalized phenol and benzene product appearances, were a l l  
e s sen t i a l ly  f i r s t  order i n  an iso le .  This allowed association of a f i r s t  order rate 
constant with the overall  an iso le  disappearance, termed reaction (R4): 

f o r  cinnamaldehyde, shown i n  Table 2 ,  was about 

Thus  a t  400’C i t  was 

(R4) @ k& a l l  products 
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where (R4) i s ,  of course, a sum of the  individual an iso le  decomposition pathways 
ident i f ied  above b u t  not a s  ye t  dec is ive ly  delineated. Study of (R4) a t  various 
temperatures provided the  values of k 
responding Arrhenius parameters f o r  ogerall  an iso le  decomposition a re  
(1oglOA(S- 1, E*(kcal/mol)) = (12.12 0.8, 51.4 ? 2.4).  
of k f o r  anisole a t  T = 400°C i s  a l so  quoted i n  Table 2 ,  f o r  comparison w i t h  
guai?col. 
t ion by ( R 4 )  was typ ica l ly  a t  l ea s t  an order of magnitude slower than guaiacol 
decomposition by (R1) i n  the present experiments. 
k ine t ics  of CH4 and CO formation from guaiacol and from aniso le  cannot y e t  be made 
b u t  the  data 
the former substrate.  

products with (CO/CH,) 2r 2; hydrogen was a l so  present.  
were complex, benzene, toluene, xylenes and s tyrene  being the major components, 
along w i t h  apparent dimers; addi t iona l ly  present were benzaldehyde, biphenyl, 
c reso ls ,  and aromatic e thers .  
and l iqu id  products, precluding enunciation of possible pyrolysis pathways. The 
overall decomposition of acetophenone was found t o  be roughly f i r s t  order i n  
subs t ra te  a t  T = 550°C f o r  i n i t i a l  concentrations from 0.14 t o  1.4 mol/L. This 
allows use of a f i r s t  order overall  decomposition pathway of type (R4): 

depicted i n  f i gu re  3 (diaponds 1; the Cor- 

The value 1 

From Figure 3 and Table 2 i t  i s  c l e a r  t h a t  the overall  an iso le  decomposi- 

Exact comparisons between the  

suggest t h a t  b o t h  gases form roughly a hundred times f a s t e r  from 

Acetophenone pyrolysis led t o  carbon monoxide and methane a s  the major gaseous 
Liquid product spectra 

No c l ea r  l ink  has ye t  been established between gas 

I 
Experiments on acetophenone pyrolyses a t  various temperatures yielded the  values of 
the r a t e  constant k 
parameters for  over41 1 acetophenone decomposi t i on  a re  
(loglOA(s- ), E*(kcal/mol)) = (10.3 ? 1.6,  50.7 ? 5.8). 
phenone a t  400°C i s  given i n  Table 2 ,  f o r  comparison w i t h  benzaldehyde. 
Figure 4 and Table 2 i t  can be seen t h a t  overall  acetophenone decomposition by 
(R4) i s  more t h a n  two orders of magnitude slower than benzaldehyde decomposition 
by (R3) i n  the present experiments. 

Discussion : 

i n  a few instances. Prior s tudies  of guaiacol pyrolysis (8-10) provide no activa- 
t ion parameters b u t  do give overall  decomposition r a t e  constants loglok(s-1) = 
-1.0 a t  500C and -0 a t  540C which are of the order of magnitude of our log O k l  fo r  
guaiacol i n  t ha t  temperature range. An e a r l i e r  study of benzaldehyde pyrolysis (16) 
yielded an overall decomposition r a t e  constant loglOk(s-1) = -2 .2  a t  550C which 
agrees with our value of loglok 2.3 a t  550C. Two pr ior  an iso le  pyrolysis ( E , 7 )  
a t  500C y ie ld  overall  decomposiiiin-rate constants log lok(s - l ]  = -1.8 and -1.9 
which compare favorably w i t h  our value of log10k4 = -2.5 a t  490C. 
so l e  pyrolysis (17) a t  800C showed a product spectrum akin t o  ours but w i t h  the  
r a t i o  of (CO/CH4)  and (benzene/phenol) each - 3 ,  which accords w i t h  our observa- 
tions showing these r a t io s  to  increase from -0.3 a t  350C t o  -1.0 a t  550C. In sum- 
mary,pyrolysis data from the  present study a r e  i n  reasonable agreement w i t h  the 
available l i t e r a t u r e  f o r  guaiacol,  benzaldehyde and an i so le ,  lending credence t o  
our experimental methods and hence to  those r e s u l t s  reported here f o r  the  f i r s t  

shown i n  Figure 4 (diamonds ); the  corresponding Arrhenius 

1 A value of k4 f o r  aceto- 
From 

Comparisons of the present r e su l t s  w i t h  previous l i t e r a t u r e  i s  possible only 

Also ,  an ani-  
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The k i n e t i c  d a t a  o b t a i n e d  i n v i t e  mechan is t i c  i n t e r p r e t a t i o n s .  F i r s t ,  i n  regard 
t o  methane fo rmat ion ,  gua iaco l  and a n i s o l e  o f f e r  s t r i k i n g  c o n t r a s t s .  
s t r a t e  produced methane a t  r a t e s  a hundred t imes f a s t e r  than t h e  l a t t e r ;  a l so ,  methane 
f o r m a t i o n  f rom gua iaco l  was s t o c h i o m e t r i c a l l y  l i n k e d  w i t h  p r o d u c t i o n  o f  c a t e c h o l  
whereas t h a t  f rom a n i s o l e  was a s s o c i a t e d  w i t h  a p p r e c i a b l y  l e s s  t h a n  s t o c h i o m e t r i c  
amounts o f  phenol; f i n a l l y ,  t h e  produc ts  f r o m  a n i s o l e  p y r o l y s i s  i n c l u d e d  numerous 
methyl-benzenes and methy l -pheno ls ,  s u g g e s t i v e  o f  r a d i c a l  m e t h y l a t i o n ,  whereas such 
produc ts  were absent f r o m  g u a i a c o l  p y r o l y s e s .  Thus t h e  gua iaco l  e v i d e n t l y  had access 
t o  a methane-forming pathway t h a t  was f a r  more f a c i l e  t h a n  t h e  r a d i c a l  pathway l i k e l y  
r e s p o n s i b l e  (11) f o r  methane f o r m a t i o n  f rom a n i s o l e .  A p o s s i b l e  p e r i c y c l i c  r e a c t i o n  
p a t h  a c c e s s i b l e  t o  g u a i a c o l ,  b u t  n o t  t o  a n i s o l e ,  i n v o l v e s  the  concer ted  group t rans-  
fewshown i n  (RO). 
which iras f i r s t  o r d e r  w i t h  ( l o g  A, E*) = (10.9, 43.7), a r e  r e l e v a n t .  The va lue  of 
log.  A i m p l i e s  a t i g h t  t r a n s i t i h !  s t a t e  w i t h  a c t i v a t i o n  en t ropy  AS+= -12 cal /mol K; 
t h i A O i s  c l o s e  t o  t h e  magnitude expected f o r  t h e  l o s s  o f  two bond r o t a t i o n s  t h a t  must 
accompany gua iacy l  m o i e t y  a l i g n m e n t  f o r  concer ted  methane e l i m i n a t i o n .  Fur ther ,  t he  
observed a c t i v a t i o n  energy f o r  ( R l )  i s  c l o s e  t o  t h e  va lues  o f  45i3  kca l /mo l  t h a t  have 
been r e p o r t e d  f o r  i s o e l e c t r o n i c  group t r a n s f e r  e l i m i n a t i o n s  o f  hydrogen and methane 
from var ious  1,4 cyclohexadienes (18).  F i n a l l y ,  i f  ( R l )  i s  indeed p e r i c y c l i c  l i k e  
( R O ) ,  then  i t s  k i n e t i c s  should be dominated by  f r o n t i e r  o r b i t a l  i n t e r a c t i o n s  between 
t h e  methane and o-d iqu inone produc ts .  However, methane has a r e l a t i v e l y  l a r g e  HOlQ- 
LUMO energy gap, w h i l e  t h e  d iqu inone,  wh ich  i s  f u r t h e r  conjugated, must have a smal l  
HOMO-LUNO separa t ion .  Thus t h e  dominant f r o n t i e r  o r b i t a l  energy d i f f e r e n c e s ,  of the  
f o r m  HOPlO(methane)-LUMO(diquinone) ana v.v., shou ld  be r e l a t i v e l y  l a r g e  and o n l y  
l i t t l e  i n f l u e n c e d  by s u b s t i t u e n t s  on t h e  d iqu inone.  E x p e r i m e n t a l l y ,  i t  was seen i n  
Tab le  2 t h a t  t h e  k i n e t i c s  o f  methane f o r m a t i o n  f r o m  gua iaco l  were i n s e n s i t i v e  t o  sub- 
s t i t u e n t s .  Turn ing  n e x t  t o  carbon monoxide f o r m a t i o n ,  i t  was c l e a r  t h a t  benzaldehyde 
produced CO v i a  (R3) f a r  f a s t e r  t h a n  acetophenone, wh ich  l a t t e r  y i e l d e d  a produc t  
spectrum suggest ive  o f  a r a d i c a l  decomposi t ion.  
t h a t  t h e  pathway (R3) m i g h t  i n v o l v e  a n o n - l i n e a r  c h e l e t r o p i c  mechanism (15),  w i t h  t h e  
concer ted  s h i f t  o f  hydrogen, as i n  t h e  aldehyde, be ing  more f a c i l e  t h a n  t h a t  o f  
methy l ,  as in t h e  ketone. A l though m o l e c u l a r  mechanisms f o r  CO r e l e a s e  f rom benz- 
aldehyde have p r e v i o u s l y  been ment ioned (16,17), c h e l e t r o p i c  e x t r u s i o n s  s p e c i f i c a l l y  
have n o t  h i t h e r t o  been proposed. I n  t h e  p r e s e n t  case, Ar rhen ius  parameters f o r  the  
f i r s t  o r d e r  forward r e a c t i o n  (R3), namely ( l o g  oA, E*) = ( 9 . 5 ,  41.5), can be combined 
w i th  thermochemical d a t a  of (AH (kcal /mol) ,AS I c a l l m o l  K)) = (2.3, 25.5) t o  p r o v i d e  
a c t i v a t i o n  parameters f o r  t h e  bymolecu la r  r e v g r s e  r e a c t i o n ,  namely ( l o g  A (2/mol s) ,  
E*) = (5.7, 39.2). The r e v e r s e  o f  c h e l e t r o p i c  e x t r u s i o n  i s ,  o f  course , ' the le t rop ic  
a d d i t i o n ,  which i s  w e l l  known (15,19) t o  possess t i g h t  t r a n s i t i o n  s t a t e s  a k i n  t o  
c y c l o a d d i t i o n .  It i s  t h e r e f o r e  i n t e r e s t i n g  t h a t  t h e  parameters i n f e r r e d  f o r  t h e  
r e v e r s e  of r e a c t i o n  (R3) y i e l d  an a c t i v a t i o n  e n t r o p y  ASt= -36 ca l /mo l  K, o f  magnifude 
t y p i c a l l y  encountered i n  c y c l o a d d i t i o n s .  Also,  c h e l e t r o p i c  d e c a r b o n y l a t i o n  r e a c t i o n s  
a r e  r e p o r t e d  i n  the  l i t e r a t u r e  (20) t o  e x h i b i t  g r e a t  s e n s i t i v i t y  t o  s t e r e o e l e c t r o n i c  
f a c t o r s  and indeed t h e  p r e s e n t  k i n e t i c  d a t a  showed CO f o r m a t i o n  t o  be a p p r e c i a b l y  
a f fec ted  by  m o d i f i c a t i o n s  o f  t h e  benzaldehyde s t r u c t u r e  t o  v a n i l l i n  and cinnamalde- 
hyde. The fo rego ing  arguments suggest t h a t  p e r i c y c l i c  group t r a n s f e r  e l i m i n a t i o n  
and c h e l c t r o p i c  e x t r u s i o n  c o n s t i t u t e  p l a u s i b l e  r e a c t i o n  mechanisms f o r  methane and 
carbon monoxide fo rmat ion  r e s p e c t i v e l y  f r o m  g u a i a c o l  and benzaldehyde pyro lyses .  

The former sub- 

Here t h e  exper imenta l  a c t i v a t i o n  parameters o b t a i n e d  f o r  (R l ) ,  

I n  r e g a r d  t o  benzaldehyde, we suspect 
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Table 1 .  Experimental Grid 

Set  Substrate S t ruc ture  

Guaiacol 

Benza 1 de hyde 

2,6 dime thoxy phenol 

Iso-eugenol 

Vani 1 1 i n 

t - C  i nnara 1 de hyde 

Ani so l  e 

Acetophenone 

Reaction Conditions 

Puri ty  Temperature Holding 

w t %  c S 
Range Times 

99 250-525 110-6000 

99 300-500 120-3600 

99 300-500 120-1 800 

99 300-500 60-1 560 

99 300-500 120-1 500 

99 250-600 120-1 500 

98 344-550 180-1 500 

98 350-550 120-4980 

Table 2. Sumnary o f  Kinetic Data a t  400C 

Pathway: 

Se t  Substrate Rate Constant: 

1 Guaiacol 

2 Benzaldehyde 

3 2,6 dimethoxyphenol 

4 Isoeuoenol 

5 Vanillin 

6 t-Ci nnamaldehyde 

7 Anisole 

8 Acetophenone 

R1 

logioki 
-3.2 

-3.1 

-3.2 

-3.4 

R2 

10910k2 

-3.8 

-3.6 

-3.7 

I n i t i a l  
Concentration 
mol/l 

0.46-3.07 

0.16-3.3 

0.32 

0.33 

0.85 

0.38-1.3 

0.46-3.07 

0.14-1.4 

R3 

log10k3 

-3.7 

- 
- 

-2.5 

-3.4 

- 

R4 

log10k4 

-4.5 

-6.3 

Notes: See tex t  f o r  pathway def in i t ions .  All k i n  s-'. 
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